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Abstract

Solar-driven photodegradation for water treatment faces challenges such as
low energy conversion rates, high maintenance costs, and over-sensitivity to
the environment. In this study, we develop reusable concave microlens arrays
(MLAs) for more efficient solar photodegradation by optimizing light distribu-
tion. Concave MLAs with the base radius of ~ 5 pm are fabricated by imprint-
ing convex MLAs to polydimethylsiloxane elastomers. Concave MLASs possess
a non-contact reactor configuration, preventing MLAs from detaching or being
contaminated. By precisely controlling the solvent exchange, concave MLAs
are fabricated with well-defined curvature and adjustable volume on femtoliter
scale. The focusing effects of MLAs are examined, and good agreement is pre-
sented between experiments and simulations. The photodegradation efficiency
of organic pollutants in water is significantly enhanced by 5.1-fold, attributed
to higher intensity at focal points of concave MLAs. Furthermore, enhanced
photodegradation by concave MLAs is demonstrated under low light irradia-
tion, applicable to real river water and highly turbid water.
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1 | INTRODUCTION

Solar-driven photodegradation represents a sustainable
and environment-friendly process to harness solar energy
to remove organic pollutants in water. For example, solar
disinfection has been used by around 4.5 billion people
around the world for water decontamination.! Several
challenges of solar-driven photodegradation have been
identified as the restricted conversion rate of solar energy
to chemical energy,” scaling up the reactor,” and the
decentralized and intermittent features of solar irradia-
tion.*> Microlenses (MLs) have emerged as a promising
technology to enhance energy transfer efficiency by opti-
mizing light inside of the solar-driven reactors.®”® The
near-field effect of MLs enables the strong focusing
effects in a short distance around the MLs,'®'! which has
been widely applied in the fields where high light har-
vesting efficiency'*'” and minimized dimensions'®*° are
required. The focal distance of typical convex MLs is in
the scale of micrometers,'"*"** so they have to be imple-
mented inside of a reactor to make focal points located
inside water.”** While this in-contact configuration may
accelerate the deterioration of MLs, the introduction of
secondary contamination to the treated water seems inev-
itable with the aging of microlens arrays (MLAs).>> By
far, MLs arranged in a non-contact configuration as a
potential alternative choice remain to be explored.

The function of MLs in an optical system is to regulate
light, subject to their geometrical features and spatial
arrangement. When MLs are arranged in specific patterns,
that is, MLAs, they can generate stronger focusing effects
within finite space compared with the MLs that are ran-
domly distributed on substrates.”> Concave MLAs, which
are embedded into matrices, have the potential to be inte-
grated into solar-water reactors in a non-contact configura-
tion. Current fabrication technologies of concave MLAs can
be classified into direct and indirect methods. In direct fab-
rication methods, no templates are required, and concave
MLAs are directly obtained. For example, mechanical
machining,**® thermal manipulating,”° or direct laser
writing”'* helps to create indentations that function as
MLAs on the surface of matrices. Chemical wet-etching is
another method to directly form concave MLAs, where
materials on the unprotected regions can be selectively
removed after being immersed into etchants.**>° The
requirements for precision and the expenses are too high in
mechanical machining or laser writing, while the wet-
etching method can hardly prepare concave MLAs with the
desired shape.

In indirect fabrication methods, concave MLAs are
imprinted from templates, and the shape and spatial
arrangement of concave MLAs are dependent on that of
the masterpieces.’’ >° Breath-figure is one of the methods
where the condensed water droplets can be used as
templates to produce the concave MLAs.’”*® However,
the uniformity of concave MLAs is hard to control during
the condensation process.* In another typical indirect
method, soft lithography, multiple concave MLAs can be
fabricated from the same mother template, and the high
transparency of commonly used silane for the method
makes it widely applied in optoelectronic devices.**™**

In soft lithography, convex MLAs usually act as
mother templates to prepare concave MLAs. To precisely
control the shape and uniformity of convex MLAs as tem-
plates, several technologies have been developed,'® such
as hot embossing,**** thermal reflowing,***’ inkjet print-
ing technology,”*®* and laser-based fabrication
methods.*>** Among all reported methods, there is one
type that convex MLAs can be made by locally photopo-
lymerizing surface microdroplets obtained from a solvent
exchange process, which is highly desired to produce
mother templates for concave MLAs.”"** In this solvent
exchange approach, surface microdroplets containing
monomers and photoinitiators form on pre-patterned
substrates due to oversaturation.”® By modifying mono-
mer concentration gradients,> flow conditions,’*”> and
substrate wettability,”® microdroplet growth is effectively
controlled, enabling precise tuning of the dimension and
curvature of convex MLAs.”® Even though convex
MLAs made by the solvent-based method show flexibility
in fabrication, the risk of damage is unpreventable for
the convex MLAs when they are immersed in aqueous
phase to get desired enhancement in photodegradation.
It is more promising to use such convex MLAs as tem-
plates to develop non-contact concave MLAs for solar
reactors with enhanced decontamination efficiency,
which has not been reported yet.

In this work, we design and fabricate non-contact
concave MLAs with tunable curvatures by repeatably
imprinting polymeric convex MLAs. Convex MLAs work
as templates are generated by solvent exchange followed
by local photopolymerization. The focusing effects of
concave MLAs are evidenced by optical simulations
and experimental observation under confocal micros-
copy. Through the light treatment under simulated
solar light, the performance of concave MLAs with
varying aspect ratios in photodegradation is examined
upon suppressed irradiation in real river water and
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synthetic high-turbidity water. Concave MLAs are inte-
grated into solar-driven reactors in a non-contact con-
figuration further providing a sustainable approach to
enhance photodegradation in complicated water matri-
ces while mitigating the risks of MLAs damage and sec-
ondary contamination.

2 | RESULTS AND DISCUSSION

The fabrication process of concave MLAs with tunable
curvatures and the concept of concave MLAs-coupled
solar water reactors are displayed in (Figure 1). First,
convex MLAs as templates are prepared through the sol-
vent exchange process, where prepatterned substrates or
convex MLAs themselves can be used as substrates
(Figure 1A). Surface microdroplets prefer to form on

Q,
H
Crp-d
N

Carbendazim (CBZ)

hydrophobic domains or on top of microlenses due to the
lower surface energy than on the surrounding area.’’
After the UV curing step (Figure 1A), surface microdro-
plets are cured into the polymer MLAs, and the
microdroplet-on-microlens structures transform into new
MLAs with higher curvature. Through soft lithography
(Figure 1A3-5), multiple concave MLAs made of poly-
dimethylsiloxane (PDMS) elastomers are obtained from
the same templates. By adjusting the fabrication condi-
tions of templates, the tunability of concave MLAs curva-
ture is achieved. Both convex MLAs and concave MLAs
are integrated into self-assembled solar water reactors, in
a contact and a non-contact configuration, respectively
(Figure 1B). Photodegradation of methyl orange (MO)
and carbendazim (CBZ) is conducted under simulated
solar to investigate the effectiveness of MLAs in enhanc-
ing reaction efficiency.
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FIGURE 2

(A) A photo of a convex microlens array (MLA) (sample 10) on a 4-inch square glass substrate, and the photo is taken by a

phone camera with a flashlight. Photos of the poly(lauryl methacrylate) (PLMA) MLA from (B) sample 1, (C) sample 2, (D) sample
3, (E) sample 4, (F) sample 5, (G) sample 6, and (H) sample 7 caught by optical microscope (Table 2). (I) The 3D profile of a representative
PLMA MLA from an AFM. (J) Cross-sectional profiles of single MLs from each PLMA convex MLA sample, obtained by a confocal
microscope. (K) Height and contact angle of a single ML in each PLMA convex MLA sample (L) The volume of a single ML in each PLMA

convex MLA sample (Unit: femtoliter, i.e., fL).

2.1 | Geometric morphology and optical
properties of convex MLAs

Convex MLAs immobilized on glass slides with areas pre-
sented good transparency. The array of colorful light
spots in Figure 2A indicates the highly ordered structures
within an area as large as 100 cm?. In order to track the
change of the curvature of convex MLAs, the PLMA con-
vex MLAs on sample 1-7 (Table 2) are analyzed and com-
pared as follow. The top view of each PLMA convex is
presented in the photos captured through an optical
microscope (Figure 2B-H). A representative 3D profile of
MLA obtained by AFM is shown in Figure 2I. The cross-
sectional profiles of single MLs from seven samples are
extracted from the 3D graph and are displayed by the Z-X
plot in Figure 2J. With the analysis with ImagelJ, the lat-
eral radius and surface coverage rate of sample 1-7 are
measured (Figure S1). The lateral radius (r) of a convex
ML in the array increases between 2.3 and 3.2 pum from
sample 1 to sample 7, resulting in the surface coverage
rate varying between 31% and 64%. According to the Z-X
plot from AFM, the MLA with a larger sample number is
higher, and the pitch height (h) reaches around 3 pm in

sample 7. The contact angles of convex MLAs in different
samples are calculated by assuming the MLs in spherical
shape in Figure 2K, which can be tuned from 32° to 49°.
Based on the lateral size and height of PLMA convex
MLAs, the volume of a single ML in each convex MLA is
obtained and summarized in Figure 2L. With our
method, the volume of each ML can be controlled on a
femtoliter scale, which involves only 10~ M monomers
in the photopolymerization process. The precise control
of the volume of each ML is attributed to the well-
controlled diffusive growth of the microdroplets during
the solvent exchange. The diffusive growth process is
driven by the concentration gradient of the monomer at
the wavefront and affected by the flow rate during the
solvent exchange. Either a higher concentration of mono-
mer in solution A or the larger flow rate of solvent
exchange speeds up the diffusive growth of the microdro-
plets. Surface microdroplets selectively form within
hydrophobic domains on the pre-patterned substrate or
on top of previous convex MLA due to the lower surface
tension at those spots. As a result, the microdroplets with
higher diffusive growth rates present slight lateral expan-
sions but an obvious enhancement of height. PHDODA
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FIGURE 3 (A) Top view at focal points (up) and cross-sectional view (down) light intensity profiles of sample 1 captured by the

confocal microscope. (B) Top view at focal points (up) and cross-sectional view (down) light intensity profiles of sample 1 obtained by optical

simulations. (C) The trend of the total intensity at the focal points of MLs within an area of 1 cm? (It,1) or focal distance over the aspect

ratio (h/r) of each PLMA convex MLA. ML, microlens; MLA, microlens array; PLMA, poly(lauryl methacrylate).

convex MLAs with tunable curvature are successful with
the same procedure as well, suggesting the universality of
the fabricating method.

The focusing effect of MLAs is revealed via confocal
microscopy and optical simulations. As illustrated in
Figure 1B, the light rays passing through a convex MLA
are expected to converge, generating a focal point with
stronger light intensity. The confocal microscope experi-
mentally captures the actual 3D light intensity profiles of
MLAs (Figure S3). The representative top view and cross-
sectional view intensity profiles extracted from 3D inten-
sity profiles in sample 1 are displayed in (Figure 3A). The
top view intensity profile shows that the brightest light
spots are arranged in arrays, in agreement with the focus-
ing effects predicted in the possible light paths in
Figure 1B. According to the cross-sectional intensity pro-
files, the focal distance of each convex MLA is measured,
which decreases from 16 pm in sample 1 to 7 pm in sam-
ple 7.

The top view and cross-sectional view intensity profiles
of convex MLAs can also be built through optical simula-
tions (Figure S2). For instance, the intensity profiles of
sample 1 by simulations are illustrated in Figure 3B. The
focal distances of MLAs obtained by optical simulations
change between 14 and 8 pm, which are close to the results
measured by confocal microscopy. Apart from validating
the experimental results by confocal microscopy, the light
intensity value at the focal points of each convex MLA can
be calculated by optical simulations. The highest peak
intensity value is observed in sample 7, which is around
5.17 x 1071 W/m?, 33% higher than that in sample 1.

The correlation of It and the focal distance of a
convex MLA with the aspect ratio (h/r) of the MLA is
suggested in Figure 3C. As the aspect ratio of the MLA
gets larger from 0.57 to 0.92, I linearly decreases with

the focal distance linearly decreases. The correlation pro-
vides guidance for the fine-tuning of MLA curvature by
the solvent exchange process to achieve the desired focus-
ing effect level.

2.2 | Geometric morphology and optical
properties of concave MLAs

After the soft lithography process, the concave MLAs are
obtained on the surface of flexible PDMS films with a
thickness of around 1 mm. The appearance of the PDMS
film with a concave is displayed in Figure 4A, indicating
the flexibility of the concave MLA embedded film. The
transmittance of all concave MLA samples utilized in
photodegradation experiments is over 90% under the
light with the wavelength from 300 to 1000 nm
(Figure S6) The photos captured by the optical micro-
scope of the concave MLAs and corresponding convex
MLAs templates are presented in Figure 4B,C). A sketch
of the cross-sectional view of a single concave ML in an
array is demonstrated in the sketch in Figure 4D, where r
is the lateral radius, d is the depth, and @ is the reverse
contact angle of the ML. The concave MLA structure is
validated by the scanning electron microscope (SEM)
images of the top and cross-sectional surface of the PDMS
film in Figure 4E.

According to the optical and SEM images of the con-
cave MLAs, the lateral radius (r) and depth (d) of concave
MLAs are obtained and listed in Table 1. The lateral
radius of the concave MLAs prepared from PLMA convex
MLAs is smaller than the original value in the template
due to the possible deformation of PLMA during the
PDMS curing step.” In comparison, the concave MLAs
prepared by using PHDODA convex MLAs as templates
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FIGURE 4

(A) A photo of a PDMS film with a concave MLA copied from sample 10 (concave MLA_S10) under natural light. Photos

captured by the microscope of concave MLAs on PDMS film (thickness: 1 mm), including (B) the concave MLA using sample 10 as a
template (concave MLA_S10) and (C) the concave MLA using sample 11 as a template (concave MLA_S11), and the photo of the

corresponding convex MLA template is attached in the right-up corner. (D) A sketch of a single concave ML on PDMS film, r is the lateral
radius, d is the depth, and 0 is the reverse contact angle of the ML. (E) Photos of concave MLA_S10 in top view and cross-sectional view by
SEM (scale bar: 4 um). Top view (up) and cross-sectional view (down) of light intensity profiles obtained by confocal microscope of

(F) concave MLA_S10, and (G) concave MLA_S11 at the horizontal plane where the maximum irradiance flux values are observed. Cross-
sectional view intensity profile (up) of a 5x 1 MLA and top view intensity profile (down) of a 5 x 5 MLA from (H) concave MLA_S10, and (I)

concave MLA_S11 by optical simulations. MLA, microlens array; PLMA, poly(lauryl methacrylate).

remain the almost same shape and lateral size. Better
thermal stability of PHDODA enables the corresponding
concave MLAs to remain the same size and shape. To
verify the stability of PHDODA convex MLAs during the
preparation of concave MLA structures, the microscope
images of PHDODA convex MLAs after 1-4 rounds of
structure replication are presented in Figure S4.
PHDODA convex MLAs remain on the substrate without
any deformation after multiple rounds of soft lithogra-
phy, suggesting the preparation of the concave MLAs on
PDMS films is repeatable. Therefore, concave MLAs
using PHDODA convex MLAs as templates are mainly
discussed below due to the repeatable geometric features.

The redistribution of light passing through concave
MLAs can be also illustrated by the intensity profiles
obtained by confocal microscopy. As shown in Figure 4F,G,
the top view intensity profiles displayed the arrays of
brightest spots below the concave MLAs. The Z
position of the top view intensity profile is indicated by
the blue horizontal line in the corresponding cross-
sectional intensity profile below. The brightness of light
increase and then decrease as the distance from concave
MLAs along the Z axis increases, validating the focusing
effects in concave MLAs. For convenience, the spot with
the strongest intensity below a concave ML is defined as
the focal point of the ML, and the vertical distance
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between the focal point and the bottom line of PDMS
film is the focal distance. From the intensity profiles by
confocal microscopy, the focal points of concave MLAs
are found not located at the same planar surface, which
is attributed to the deformation of the flexible PDMS film
during the characterization. Therefore, average focal dis-
tances of concave MLA_S10 and concave MLA_S11 are
estimated by analyzing the focal point of each ML
included in the 3D intensity profiles, which are around
17 and 9 pm, respectively. However, an essential restric-
tion of the confocal microscope is the difficulty in inten-
sity quantification due to the fluctuated light gaining
during the operation, especially for concave MLAs on
flexible substrates.

Compared with confocal microscopy, optical simula-
tions can not only track the light paths passing through
concave MLAs but also quantify the intensity at certain
spots. The simulation results indicate that light diverges
and then interferes with each other, creating hot spots in
the space close to the concave MLA, which is interpreted
in the sketch in Figure 1C and validated by the cross-
sectional light intensity profiles obtained from optical
simulations (Figure 4H,I). Aside from the cross-sectional
intensity profiles, the variation of light intensity can also
be reflected by the change of irradiance flux across the

TABLE 1 Geometric parameters of concave MLAs on PDMS
films.

Sample r (pm) d (pm) 0(°)
8 2.29 1.32 58
9 2.54 1.59 64
10 2.63 1.31 53
11 2.78 1.45 55

Abbreviations: MLA, microlens array; PDMS, polydimethylsiloxane.

TABLE 2 Conditions of solvent

top view intensity profiles with depths. For example,
the peak light intensity under concave MLA_S10
increases when the depth increases from 0 to 15 pm and
then rapidly decreases (Figure 4H). The distances
between the spots with the highest intensity values and
the substrate bottom in optical simulations are consistent
with the results from confocal microscopy.

To compare the strength of focusing effects of all the
concave MLAs, the top view of the light intensity profiles
with the maximum index flux of concave MLAs is cap-
tured for analysis. The strongest peak intensity at the
depth of ~15pm under concave MLA S_10 is nearly
10 times higher than the situation without concave
MLAs. Meanwhile, the intensity across the detected hori-
zontal concave MLA S_10 is continuously higher than
that under the planar PDMS film from the depth of 15-
45 pm. According to Figure 4H,I and Table 1, the concave
MLA (concave MLA_S11) made from the convex MLA
with larger curvature (sample 11) has a higher peak irra-
diation flux, which is around 16% higher than that in
concave MLA_S10. Compared with the highest peak
intensity achieved by convex MLA (sample 7), the
peak intensity in concave MLAs is comparable, proving
the potential of concave MLAs in enhancing the degrada-
tion of organic contaminants.

2.3 | Photodegradation efficiency of an
organic contaminant with convex MLAs

Photodegradation efficiency (1) of MO in an aqueous
solution with convex MLAs is obviously enhanced, espe-
cially with the MLs with higher curvature. The absor-
bance spectra of MO solution that is irradiated with
different convex PLMA MLAs under 1-h irradiation of
visible LED light are shown in Figure 5A. With the peak

: ) Flow rate

exchange process in the preparation of Sample Substrate Monomer in solution A (mL/h)
convex microlens arrays.

1 Pre-patterned glass (672 mm?) 2.0 vol% LMA 8

2 Sample 1 1.0 vol% LMA 6

3 Sample 1 2.0 vol% LMA 6

4 Sample 1 3.0 vol% LMA 4

5 Sample 1 4.0 vol% LMA 3

6 Sample 1 4.0 vol% LMA 4

7 Sample 6 2.0 vol% LMA 4

8 Pre-patterned glass (100 cm?) 2.0 vol% LMA 45

9 Sample 8 2.0 vol% LMA 35

10 Pre-patterned glass (100 cm?) 3.8 vol% HDODA 35

11 Sample 10 2.0 vol% HDODA 30
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absorbance values, n of MO after the irradiation of 1h is
calculated with Equation (1) and plotted in Figure 5B. All
groups with PLMA convex MLAs achieve higher (1) than
the control group. From sample 1 to 7, the () continu-
ously increases, reaching the maximum value of 75%
when sample 7 is applied.

Such enhancement in # is possibly correlated with the
stronger focusing effect of MLs with larger curvature. To
verify the correlation, Ito is in each convex MLA among
sample 1-7, which is the total intensity at the focal points
of MLs in the array with an area of 1 cm?, is defined to
quantify the focusing effect of each convex MLAs. As
shown in Figure 3C, the convex MLA with a larger curva-
ture has a larger Ito, indicating a stronger focusing
effect. In Figure 5C, 5 of MO is correlated with It of
convex MLAs, and a positive relationship is presented
between the two parameters. Such correlation may assist
the design of MLAs for photodegradation reactors with
enhanced #. However, the enhancement in # can hardly
increase due to the upper limit of the curvature of PLMA
convex MLAs in the current method as shown in
Figure S5.

Even though a high enhancement in # of MO has
been achieved by integrating concave MLAs with higher
curvature in the reactor for photodegradation, some risks
still exist due to the current contact-mode setup. At the
interface of convex MLAs and the glass substrate (Spot
1 in Figure 5D), the risk of water penetration exists since
MLAs are fully immersed in the aqueous phase, acceler-
ating the detachment of convex MLA. Another risk is

located at the interface of MLAs and the aqueous phase
(Spot 2 in Figure 5D). The free radicals produced during
the photodegradation mainly existed in the aqueous
phase, possibly promoting the degradation of polymeric
convex MLAs and posing secondary contamination to
the treated water. Consequently, an alternative reactor
design to avoid the potential side effects of MLAs without
sacrificing the advantages of focusing effects is required.

2.4 | Photodegradation efficiency of
organic contaminants with concave MLAs
in different water matrices

Concave MLAs have the unique advantage that the
whole structure is embedded in a PDMS film, so they
would not be physically damaged and can be separated
from contaminated water matrices. Additionally, the flex-
ibility of PDMS films enables concave MLAs to be easily
bent and wrapped around reactors with various shapes.
Based on the above-mentioned features of concave MLAs
and their focusing effects, a non-contact mode reactor
integrated with concave MLAs is designed for the degra-
dation process (Figure 6A).

The performance of the concave MLAs on PDMS
films is investigated in the degradation of MO in different
water matrices (Figure 6B,C) under the simulated solar
light. For the photodegradation of MO in ultrapure water
under simulated solar light at 1 Sun or 0.4 Sun, # in reac-
tors with concave MLAs made from sample 10 to
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FIGURE 6 (A) A sketch of a cross-sectional view of the non-contact-mode reactor integrated with concave MLAs. (B) A photo of

ultrapure water (PW) and river water (RW) used in the preparation of MO solution for light treatment. (C) A photo of the spot for river
water collection. The photodegradation efficiency (1) of MO (D) in ultrapure water under simulated solar at 1 Sun, (E) in real river water
under simulated solar at 1 Sun, (F) in ultrapure water under simulated solar at 0.4 Sun, (G) in real river water under simulated solar at 0.4
Sun. Enhancement factors of MO photodegradation in different water matrices and with varied concave MLAs under the irradiation of (H) 1
Sun or (I) 0.4 Sun. Photodegradation efficiency () of CBZ in ultrapure water (J) without or (K) with ZnO as photocatalyst after the
irradiation of simulated solar light (intensity: 1 Sun). (L) Enhancement factors of CBZ photodegradation achieved by the concave MLA made
from sample 11 (concave MLA_11) without and with ZnO in the light treatment. ML, microlens; MLA, microlens array; MO, methyl orange.

11 (Table 2) is higher than the control group
(Figure 6D,F). When decreasing the light intensity of
irradiation, # of MO after the light treatment is lower no
matter whether concave MLAs are applied or not. To
reach a similar level of degradation, the irradiation time
for MO solution under simulated solar of 0.4 Sun is twice
of that under the solar of 1 Sun. However, the difference
of n caused by the different shapes of concave MLAs
becomes larger under irradiation with lower intensity.
Among all concave MLAs, the one using sample 11 as

the template achieves the most enhancement of 7 of MO.
Concave MLAs obtained from the masterpieces made of
PHDODA perform better than those made of PLMA in
accelerating the photodegradation of MO.

The variance of 5 obtained from different concave
MLAs comes from several factors. First, concave MLAs
with better transparency under irradiation contribute to a
higher photodegradation rate. As shown in the transmit-
tance spectra in Figure S6, concave MLAs made from
PHDODA templates show higher transmittance under
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simulated solar light, leading to more enhancement in 7.
Second, the uniformity of concave MLAs affects the
strength of focusing effects and further influences of
the photodegradation efficiency. Deformation of PLMA
convex MLAs during thermal curing of PDMS leads to
poorer regularity in corresponding concave MLAs, sup-
pressing focusing effects of corresponding concave MLAs.
In comparison, masterpieces made of PHDODA retain
the shape and result in concave MLAs with better unifor-
mity and performance. Last but not least, the shape of
concave MLAs plays an important role in improving the
n of organic pollutants. For two concave MLAs obtained
from PHDODA templates, both the uniformity and trans-
mittance are similar to each other, but the peak irradi-
ance flux of the concave MLA with a larger aspect ratio
(sample 11 as the template) is stronger according to opti-
cal simulations. As a result, more enhancement of 7 is
observed in the reactor equipped with this concave MLA.

The photodegradation of MO assisted by PDMS con-
cave MLAs is also conducted in river water. Similar to
the degradation in ultrapure water, the concave MLA
using sample 11 as the template still has better effective-
ness than that made from sample 10 in enhancing MO
photodegradation in river water (Figure 6E-G). Mean-
while, the photodegradation under 0.4 Sun is slower than
the process under 1 Sun in river water, the same as that
in ultrapure water as well. However, the  of MO in river
water is generally lower than that in ultrapure water
under the same irradiation conditions (Figure 6E-G).
With the application of concave MLAs, the gaps of 7
resulting from different water matrices are narrowed. For
the concave MLA presenting the highest enhancement,
the difference of # when changing the water matrix after
the irradiation of 45 min under 1-Sun simulated solar can
even be neglected. Besides the two water matrices above,
concave MLAs are also found feasible to improve # of
MO in a water matrix with high turbidity (Figure S7),
and the enhancement of # achieved by the concave MLA
is more obvious in the solution with higher turbidity.

The effectiveness of concave MLAs in MO photodegra-
dation is quantified by the enhancement factor defined in
Equation (2) and plotted with the time of irradiation in
Figure 6H,I. Based on the change of enhancement, the
influence of different factors on the performance of con-
cave MLAs is investigated. As the irradiation time
becomes longer, the enhancement factor decreases due to
the lower degradation rate of MO in reactors with concave
MLAs in the later stage of the reaction.”® When the inten-
sity of irradiation decreases from 1 Sun to 0.4 Sun, the
enhancement factor by concave MLAs significantly
increases. In the situation of weaker irradiation (0.4 Sun),
the energy barrier of the degradation of MO is hard to go
over. Nevertheless, the hot spots with higher intensity are

created in the top layer of the solution by using concave
MLAs, making the photodegradation easier to happen
under the weaker irradiation. The higher enhancement
factor in river water and highly turbid water than that in
ultrapure water also benefits from the redistribution of
light by concave MLAs. In river water or highly turbid
water, the light energy is not sufficient because of the
absorbance caused by impurities or severe scattering due
to particles. Concave MLAs improve the intensity in the
space with focusing effects, reducing the loss of light
energy and leading to higher enhancement factors.

The effect of concave MLAs on PDMS films in enhanc-
ing n is also validated with the photodegradation of
another typical organic contaminant, carbendazim
(CBZ), in ultrapure water. Direct photodegradation with-
out photocatalysts and the ZnO-photocatalytic degrada-
tion process are both conducted in the presence of the
concave MLA made from sample 11. According to the 7
obtained after the light treatment in Figure 6J,K, the
concave MLA contributes to faster degradation of
CBZ regardless of the existence of the photocatalyst. In
the photocatalyst-assisted degradation, # significantly
increases for both the control group and the concave MLA-
involved group. However, the enhancement factor by the
concave MLA in photocatalytic degradation is relatively
smaller than that in direct photodegradation (Figure 6L),
since the # in the control group with ZnO is higher due to
the contribution of photocatalysts. Similar phenomenon
has been observed when applying convex MLAs in photo-
catalytic degradation of organic contaminants.*

Even though the enhancement factor by the concave
MLA is not outstanding, the usage of concave MLA to
enhance the photodegradation of organic contaminants
is still promising. On one hand, concave MLAs are able
to enhance the 5 of different organic pollutants. On the
other hand, the effectiveness of concave MLAs is proven
in diverse scenarios, including different irradiation inten-
sities, varied water matrices, and alternative degradation
mechanisms (with and without photocatalysts). Further-
more, the concave MLAS can be set outside of the reactor,
avoiding the adsorption of contaminants and possible
photocatalyst particles, which is difficult to realize for
convex MLA. Multiple concave MLAs on PDMS films
can be obtained from a single convex MLA with highly
tunable curvature. The thermal stability and hydropho-
bicity of PDMS film also make the concave MLA easy to
maintain in some outdoor applications.®’®*

3 | CONCLUSION

Aiming to mitigate the risk of detachment of microlenses
and secondary contamination, non-contact concave
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MLAs have been developed for enhanced photodegrada-
tion of organic pollutants in water. Convex MLA tem-
plates are fabricated with a scalable method based on
multiple solvent exchange processes and local photopoly-
merization processes. The as-prepared concave MLAs
have tunable curvatures, enabling them to be easily inte-
grated into the solar-driven reactor for photodegradation
without contact with the treated aqueous phase.
The validation through confocal microscopy and opti-
cal simulations shows that the total light intensity at
focal points in concave MLAs, which represents the
strengths of focusing effects, is comparable with that in
the convex MLAs. Additionally, the peak intensity
increases by 16% in concave MLAs as the aspect ratio
(depth to lateral radius) changes from 0.50 to 0.52,
similar to that in convex MLA. The strong focusing
effects of concave MLAs contribute a maximum
enhancement by 512% and 86.3% in the photodegrada-
tion efficiency of methyl orange and carbendazim,
respectively. Notably, the effectiveness of concave
MLAs is also approved under irradiation with low
intensity, and for real-life river water samples, or high-
turbidity aqueous solutions. The non-contact mode
solar-driven reactors integrated with concave MLAs
can serve as a sustainable and adaptive platform for
enhanced decontamination performance.

4 | EXPERIMENTAL SECTION

4.1 | Fabrication and characterization of
convex MLAs templates through solvent
exchange

The formation of surface microdroplet arrays are care-
fully controlled through a highly tunable solvent exchange
process which has been previously reported.’**”® In a
confined 2D fluidic chamber fully filled with solution A,
solution B was added to replace solution A at flow rates
varying from 3 to 45 mL/h. Solution A consisted of a
UV-curable monomer, photoinitiator, and a mixture of
good solvent and poor solvent of monomer, while solution
B was the poor solvent saturated with the monomer and
photoinitiator. The UV-curable monomers used for the
work included lauryl methacrylate (LMA, Acros Organics)
and 1,6-hexanediol diacrylate (HDODA, 98.5%, Alfa
Aesar). Surface microdroplet arrays formed due to the
oversaturation induced by the solvent exchange and were
pinned on the circular hydrophobic domains on pre-
patterned substrates. The pre-patterned substrate was fab-
ricated by combining the surface hydrophobization and a
photolithography method reported in the literature.”® Sub-
strates with surface convex MLAs can be used as the new
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patterned substrate for more rounds of the solvent
exchange process. (Figure 1A).

After the UV curing step under irradiation at the
wavelength of 365 nm (Analytik Jena UV lamp) for
15 min, surface microdroplet arrays were transformed
into convex MLAs. During each round of solvent
exchange, the volume of microdroplets was carefully con-
trolled by adjusting the composition of solution A or the
flow rates during solvent exchange, ranging from 12 to
62 femtoliter.”>>* The conditions for preparing MLA sam-
ples and the corresponding sample number were listed in
Table 2. For sample 1-9, ethanol was the solvent in solu-
tion A, while 50 vol% ethanol aqueous solution is the sol-
vent in solution A for sample 10 and 11. For each
solution A, a photoinitiator volume equivalent to one-
tenth of the monomer volume was added for subsequent
photopolymerization. Planar glass substrates with two
different sizes, 672 mm? (56 mm x 12 mm) and 100 cm?
(10 cm x 10 cm), were applied in the fabrication of sam-
ple 1-11.

The morphology of convex MLAs was characterized
by the optic microscope (Nikon H6001) equipped with a
camera (Nikon DSFi3). The lateral size of a single ML
and the surface coverage rate of MLA in every sample
were measured and analyzed by Image J. The 3D struc-
ture of polymeric MLA was characterized by an atomic
force microscope (AFM, tapping mode, Bruker Innova)
and a confocal microscope (Axio CSM 700, Zeiss). The
intensity profiles of polymeric MLA were acquired by
capturing the light intensity around sample 1-11 through
a confocal laser scanning microscope (SP8, Leica).

4.2 | Fabrication and characterization of
concaveMLAs through soft lithography

To produce concave MLAs, convex MLAs, sample 8-11,
were surface modified and used as templates in the soft
lithography process. After cleaning and drying sample
8 and 9 at room temperature, a commercialized spray
(Pro-Tex protector spray, Moneysworth & Best) was used
to make the PLMA MLAs more hydrophobic at room
temperature (Figure 1A). For sample 10 and 11, perfluor-
odecyltrichlorosilane (PFOTS, 97%, Sigma Aldrich) was
coated through a chemical vapor deposition (CVD) pro-
cess. During the CVD coating process, a desiccator was
pre-purged by a vacuum pump (MZ1C, BrandTech) for
30 min and then placed in an oven at 100°C for 60 min.
Then the cleaned and dried PHDODA MLAs were placed
in the preheated desiccator with a well of 150 uL. PFOTS.
After purging out the air with the vacuum pump for
30 min, the desiccator was kept in the oven at 80°C for
60 min.



LU ET AL.

zotts | WL EY_ EC

To imprint the structure of convex MLAs, PDMS pre-
elastomer and curing agent (SYLGARD 184, Dow) was
thoroughly mixed with a weight ratio of 15 to 1. The mix-
ture was degassed within a desiccator connected to the
vacuum pump for 3 h to remove the bubbles. Afterward,
20 g of the mixture was poured into a petri dish (diameter:
150 mm, PYREX), in which the functionalized polymeric
surface MLA template (10 cm x 10 cm) was set at bottom
center. After a curing process at 75°C for 45min in an
oven, a flexible concave MLAs-embedded crosslinked
PDMS film (thickness: ~1mm) was peeled off from the
convex MLA template and then sonicated in acetone and
ethanol for 10min, respectively (Figure 1A). Surface-
functionalized convex MLAs could be repeatedly used as
templates for fabricating deformable concave MLAs. Sim-
ilar to convex MLAs, the morphology and intensity pro-
files of concave MLAs were characterized by optical
microscopy. Aside from AFM, the SEM (Sigma FESEM,
Zeiss) was also applied to observe the top view and cross-
sectional view of the PDMS concave MLA samples to get
more accurate depths of each concave ML.

43 | Photodegradation of organic
pollutants in aqueous environment with
convex and concave MLA

Two typical organic contaminants, methyl orange (MO,
85%, Sigma-Aldrich) and carbendazim (CBZ, analytical
standard, Sigma Aldrich), were chosen as the model com-
pounds to compare the performance of different MLA
samples in improving the photodegradation efficiency.
The photodegradation was conducted in the self-
assembled reactors with the length of 90 mm, the width
of 80 mm, and the thickness of 1 mm (Figure 1B,C).
Chemical structures of organic contaminants were shown
in Figure 1D. MO aqueous solution (5 mg/L, pH = 3.0)
and CBZ aqueous solution (5 mg/L, pH = 7.0) were pre-
pared by dissolving the model compounds in ultrapure
water (produced by Milli-Q Direct 16), and the pH value
was adjusted by sulfuric acid solution (1 M). For the
photocatalytic degradation of CBZ, 10 mg/L commercial
ZnO nanoparticles (certified ACS powder, Fisher Chemi-
cal, with a band gap of 3.26 eV) were dispersed in the
aqueous solution, and the solution was stored for 24 h in
the dark to reach adsorption equilibrium. Simulated
solar light (SS200AAA Solar Simulation Systems,
Photo Emission Tech) with tunable light intensity
(1 Sun = 100 mW/cm?) was used as the light source dur-
ing the photodegradation. The influence of irradiation
intensity on the effectiveness of concave MLAs in photo-
degradation enhancement was discussed by shifting the
irradiation intensity from 1 Sun to 0.4 Sun.

The effectiveness of concave PDMS MLAs was also
evaluated by the photodegradation of MO in different
water matrices. The water matrices used for the prepara-
tion of MO solution included ultrapure water, real river
water (collected from Whitemud Creek to the North Sas-
katchewan River in Edmonton, Alberta, Canada on July
25, 2022), and ultrapure water dispersed with 0.2 g/L
SiO, particles. The pH value of the MO solution prepared
in all water matrices was adjusted to 3.0 with sulfuric
acid solution (1 M). The original real river water had a
pH value of 7.5 (Accumet AE150, Fisher Scientific), a
TOC value of 25.6mg/L (TOC-L Series, SHIMADZU),
and a COD value of 163.3mg/L (pre-dosage HANNA
vials), and the SiO, dispersed water had a turbidity of
154.0 (+3.9) NTU (T-100 Handheld Turbidity Meter,
Oakton), helping to simulate the practical wastewater.®*
MO solution with SiO, particles was stocked in the dark
at 4°C overnight until the adsorption of MO reached the
equilibrium.

The photodegradation efficiency (#) of a specific con-
taminant was defined in Equation (1). Cper and C,g were
the concentration of the contaminant before and after
the light treatment, respectively. According to Beer-
Lambert Law, the concentration of the analyte is propor-
tional to the absorbance value when the concentration is
within a linear range. Therefore, the 5 of the contaminant
could be Apes and A, obtained with UV-visible spectros-
copy (UV-vis, Thermo fisher, Genesys 150), which was
the peak absorbance value of the solution before and
after the light treatment, respectively. To quantify the
enhancement from the surface MLAs, an enhancement
factor was defined by Equation (2). In the equation, 7 A
was the degradation efficiency with MLA-involved treat-
ment, and 7. was the degradation efficiency of the con-
taminant in the control group, that is, the same
treatment without MLA.

Avpet — Aaft
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44 | Optical simulations of convex and
concave MLAs

Convex MLAs and concave MLAs involved in light
treatment systems were modeled in three-dimensional
space with Zemax OpticStudio. The light treatment
system was composed of a plane wave light source
(along the Z axis), a convex or concave MLA, sub-
strates, and the aqueous phase containing organic
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contaminants. Those components were organized
according to the same set-up shown in Figure 1B,C.
The intensity of light sources was equal to the inten-
sity of the simulated solar light (1 Sun). For each MLA
sample, an X-Z plane detector (6.6 pm x 80 pm) was
placed along the central axis of a single ML to obtain a
cross-sectional intensity profile. Horizontal light-flux
(X-Y plane) detectors (37 pm x 37 pm) were inserted
below MLAs at different Z positions to capture the
top-view light irradiation profiles of each sample. The
points with the maximum irradiation flux in all the
horizontal detectors below MLAs were defined as the
hot spots of MLAs. To quantify the strength of enhanc-
ing the local intensity of irradiance of all MLAs, the
intensity at hot spots of MLs (Iys) in each MLA sample
within the area of 1cm?® was added up and defined as
Itota1, and the total number of MLs within the area was
N, as shown in Equation (3).

n=N
ITotal = Zlhs (3)
n=1
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