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Resolving molecular size and homologues with a self-assembled
metal-organic framework photonic crystal detector

Xueying Fan’, Miao Xu$, Weizhe Liu®, Aleksandr Kuchmizhak*®, Lorenzo Pattelli**’, Yao Li¢’, Hongbo Xu*"

ABSTRACT: Traditional environmental photonic sensing based on
the balanced reflection of a photonic structure can hardly be applied to
distinguish molecular size and homologues, since the refractive index
change introduces by these analytes can be too similar to be unambig-
uously distinguished. Here, a sensing method based on the pore size
selectivity and organics adsorption-desorption capacity of self-
assembled ZIF-8 photonics crystal is demonstrated, which can tell
apart different molecular sizes, homologues, and organics with similar
structures and physical properties. Specificity is improved by the inher-
ent relationships between the pore size of ZIF-8 metal-organic frame-
works (MOFs) and the associated molecular diffusion rates in the
pores, so that the combination of the observed peak shift and recovery
time are unique to each analyte. Using this method, selective detection
of molecular size is also demonstrated in the case of a linear (n-hexane)
vs. circular molecule (cycle hexane), since only the former can pene-
trate inside the ZIF-8 pores to induce a large wavelength shift. The re-
flection peak shift of the linear molecule is about 30-40 nm, compared
to just than 4 nm for the circular molecule. A relationship between the
diffusion rate of linear molecules in ZIF-8 pore and the recovery time
of photonic crystal reflective peak is further established, linking the
recovery time and the linear molecular diffusion coefficient. Finally,
different linear molecules are identified by their associated recovery
time to detect homologues or organics with similar refractive index.

INTRODUCTION

Responsive photonic crystals (RPCs) are gaining great research inter-
est due to their variable photonic band gap (PBG) and the many po-
tential applications that they enable in photonic and chemical sensing
(121 display technology [*, anti-counterfeiting [, and solar cells ],
Among these applications, RPC-based environmental sensors have
been widely studied due to their low cost (as compared to gas/liquid
chromatography or mass spectrometry (%)), fast response time and
naked-eye visual detection feedback.

Photonic sensing is commonly realized by detecting a shift or a change
in the PBG induced by a change in the liquid and gaseous chemical
composition of its environment [*). According to Bragg’s law, the PBG
of the RPC can be adjusted by changing the effective refractive index
and the spacing between consecutive diffracting planes [1-2], Both can
change when the voids of RPC are infiltrated by some analytes, which
will cause a shift in the reflection peak associated with the PBG [*1. In
the past few years, functional materials have been introduced into pho-

tonic crystals, where a change in refractive index or lattice spacing

14171 For example, in-

translates into a change in its structural color!
verse opal structures made of functional materials have been used to
detect different solvent vapors (18], pH (19 metal ions, macromole-
cule”! and viruses!?"), while direct opals comprising mesoporous silica
can detect ethanol, methanol, acetone, toluene, water and chloroform
vapors ['%, However, mentioned photonic-based sensors can hardly be
applied to distinguish different chemical species with similar refractive
indices, as they would induce the same PBG modification. To over-
come this issue, additional effects should be combined with the PBG
tuning. For instance, Kou et al. showed that it is possible to distinguish
of benzene, toluene, xylene, and ethylbenzene based on differences in
the swelling behavior of an RPC [, Additionally, the dynamic reflec-
tion spectrum method was developed by Zhang et al. (23], based on dif-
ferent diffusion behavior of solvent molecules in inverse opal photonic
crystals. Nevertheless, mentioned methods are still relatively compli-
cated and do not allow to establish a direct relationship between the
PBG shifts and molecular size. Thus, it remains challenging to imple-
ment a sensing technique providing different responses sensitive to
molecular size and allowing to distinguish chemical species with similar
refractive indices.

Due to their high surface area [*%], tunable pore characteristics > and
controlled chemical environment, metal-organic frameworks (MOFs)
represent a promising candidate for selective sensing since the relation-
ship between PBG shifts and molecular size (or chemical properties)
can be tuned through the appropriate MOF design 12%*7). For this rea-
son, in the past years, several MOF-based photonic sensors have been
proposed to detect solvent vapor through the modulation of their re-

[28-33], For example, a 1D photonic sensor consisting

flectance response
of alternating layers of MOFs and TiO: nanoparticles showed specific
color changes in response to different vapors *¢). Lu et al. demonstrated
highly efficient and rapid detection of ethanol and methanol using a
photonic crystal made of ZIF-8@SiO> 7). Quantitative analysis of
methanol and ethanol was also later achieved by Ranft et al. **] by in-
creasing the MOF content in 1D photonic crystals made of MIL-88
and HKUST-1. All these approaches rely on polycrystalline MOF na-
noparticles and improve the detection sensitivity by exploiting the large
specific surface and spacing between MOFs nanoparticles. Nonethe-
less, these methods fail to fully take advantage of the inherent MOF
porosity, since the analytes are mainly adsorbed on the surface of the
MOFs nanoparticles and in the gaps between them. Moreover, the po-
tential selectivity and molecular sieving capability if often reduced by
the low degree of crystallinity of MOFs reported so far. If the MOFs are
prepared from the monodisperse nanocrystals and self-assembled into
a 3D photonic crystal, then the resulting 3D MOF photonic crystal can



fully benefit from the well-defined size and the chemical environment
of the MOF pores.

Based on the above considerations, this study reports a photonic sens-
ing platform prepared by self-assembly of monodisperse ZIF-8 nano-
crystal capable of distinguishing molecular sizes and chemical species
with similar refractive indices. Our proposed ZIF-8 photonic sensing
platform exhibits a prominent reflection peak as determined by the
diameter of the nanocrystals, while their pores provide the site of mo-
lecular adsorption/desorption and selective size detection. As an ex-
ample, we show a reflection peak shift of about 50 nm for a linear mole-
cule (n-hexane), compared to the much smaller response (<4 nm) to
cyclic molecules such as cyclohexane, benzene, methylbenzene and
xylene. More importantly, adsorption/desorption of linear molecules
into the ZIF-8 pores leads to changes in the diffraction properties of
photonic crystals and therefore its optical appearance, which evolves in
time based on the diffusion rate of linear molecules in ZIF-8 pore. In
the case of methanol, ethanol, propanol butanol, and n-hexane the re-
flection peak of ZIF-8 photonic sensing exhibited similar wavelength
shifts, but different recovery times of 2 min, S min, 16 min, 150 min
and 85 min, respectively. The distinction between methanol, ethanol,
propanol, butanol and n-hexane can be therefore achieved based on
their characteristic recovery time.

RESULT AND DISCUSSION

Figure 1 schematically explains the preparation procedure of the MOF-
based photonic sensor and its response mechanism to different organic
vapors. The sensor represents nanostructured film composed of self-
assembled monodispersed ZIF-8 nanoparticles that form a 3D photon-
ic crystal with a resonant optical reflectance originated from light dif-
fraction on the ordered structure. ZIF-8 crystals possess a large specific
surface and a porous structure, that provide channels for sieving of lin-
ear molecules with their size smaller comparing to the ZIF-8 average
pore diameter (about 0.5 nm). Adsorbed linear molecules strongly
modify the refractive index of ZIF-8 photonic crystal resulting in con-
siderable shift of the reflectance peak. Larger cyclic molecules can’t
penetrate through the ZIF-8 nanopores predominantly adsorbing on
the outer surface of photonic crystal, thereafter causing weak spectral
shift of the reflectance peak. In addition, the speed at which the sensor
restores its initial optical properties, a recovery time, depends on the
homolog-specific diffusion rate of the linear molecules inside the pho-
tonic crystal. Therefore, both recovery time and reflectance peak shift
can be used to distinguish homologues and molecule size as it is sche-
matically explained in Figure 1.

The average size of ZIF-8 nanocrystals produced by an improved
solvothermal method can be controlled by the concentration of the
CTAB. In this work, we produced high-quality polyhedral nanocrystals
with four characteristic sizes (270 nm, 210 nm, 190 nm and 140 nm)
and narrow size distribution <5% of each fraction (see Figure S1 a-d).
The XRD peaks of all mentioned synthesized nanocrystal fractions are
consistent with those for the standard ZIF-8 material confirming their
good crystallinity (Figure S2). Furthermore, the FTIR spectra of the
nanocrystals indicate characteristic C-H (at 3138 and 2933 cm™) and
C=N (1580 cm™) bonds, that further proves correct chemical compo-
sition consistent with ZIF-8 material (Figure S3).
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Figure 1. Schematic diagram illustrating preparation procedure of
MOF photonic sensor and its sizes and homologue selective optical
response to different organic vapors.
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Figure 2. SEM (top row) and optical images (bottom row) of the
RPCs self-assembled from different ZIF-8 nanocrystals with their size
of 270 (a,e), 190 (b,f), 160 (c,g) and 140 nm (d;h), respectively. (e)
Optical reflectance spectra of corresponding RPCs. (j) CIE 1931
chromaticity map with the coordinates that correspond to reflectance
spectra of the RPCs.

The ZIF-8 RPC is self-assembled by controlling the contact angle be-
tween ZIF-8 dispersion and a substrate. Figure 2 a-d shows close-up
SEM images of the resulting RPCs revealing good arrangement of the
nanocrystals in a hexagonal close-packed plane (111). These images
also reveal small number of defects related to lattice disordering; how-
ever, such defects do not deteriorate resonant reflectivity of the pho-
tonic crystal. RPCs consisting of the nanocrystals with the size of 270
nm, 210 nm, 160 nm and 140 nm appear red, yellow, blue and violet,
respectively, on the optical images (Figure 2 e-h). This visual structural
color appearance was confirmed by measuring the reflectance spectra
from the corresponding RPCs (Figure 2i), clearly revealing the maxi-
mum gradually shifting from 410 to 600 nm, upon increasing the size of
the nanocrystals composing corresponding photonic crystal. Represen-
tation of the reflectance spectra of the mentioned RPCs colors as coor-
dinates in Commission Internationale de L’Eclairage (CIE) color space
is provided in Figure 2f, returning results that are basically consistent
with the optical images. Overall, by tuning the characteristic size of



ZIF-8 building blocks one can tailor both the morphological and opti-
cal properties of the resulting RPC.

The naked eye is more sensitive to green, while the reflection
peak of the related RPC made of the nanocrystals with a size of 160 nm
is spectrally narrow. In addition, photonic crystals assembled from the
smaller nanocrystals usually exhibits smaller number of lattice defects
that is important for qualitative and reliable measurements. Optical
response of the chosen RPC to its exposure by different saturated or-
ganic vapors is summarized in Figure 3. On the one hand, the RPC re-
sponds with a marked reflectance peak shift with its value ranging from
30 to 50 nm, when exposed to linear molecule vapors as methanol, eth-
anol, n-propanol, n-butanol and n-hexane (Figure 3a). In particular,
the peak shifts caused by methanol, ethanol, n-propanol, n-hexane and
n-butanol vapors are 31, 34, 40, 44 and 48 nm, respectively. On the
other hand, exposure by cyclic molecule vapors as cyclohexane, xylene,
toluene, and benzene induces a small shift which does not exceed
3.5+0.5 nm (Figure 3b). Huge difference between the optical respons-
es of the mentioned photonic crystal to cyclic and linear molecule va-
pors and sensor capability to distinguish molecular size are highlighted
in a more clear way in Figure S4, showing an order of magnitude larger
reflectance peak shifts caused by small linear molecules. Such mole-
cules can not only be adsorbed on the RPC surface but also penetrate
though the nanopores of ZIF-8 nanocrystals that leads to stronger
modulation of the optical properties of the photonic crystal. According
to our measurements of nitrogen sorption/desorption isotherms using
Brunauer-Emmett-Teller method (see Figures S4 and SS), the ZIF-8
nanocrystals demonstrate specific surface area of 1220.77 m* g* and
the average pore diameter of 0.45 nm that is larger comparing to the
typical size of the linear molecules (e.g., n-hexane molecule has the size
of 0.2 nm). Conversely, the size of cyclic molecule is larger than the
nanopores size (e.g, cyclohexane molecule size is 0.7 nm; Figure S6),
and related vapors can not penetrate inside the photonic crystal. Con-
sequently, large cyclic molecules can only be adsorbed on the external
surface of the RPC causing a much smaller shift of the reflection peak
(Figure 3b).
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Figure 3. Series of reflection spectra of the RPC made of the ZIF-8
nanocrystals with a size of 160 nm exposed to saturated vapors of (a)
linear (methanol, ethanol, propanol, butanol and n-hexane) and (b)
cyclic molecules (cyclohexane, xylene, toluene, and benzene).

Figure 4a demonstrates modification of the reflectance spectra of
the chosen RPC upon gradual increasing of the methanol vapor con-
centration in nitrogen from 0 to 100%. As can be seen, the reflectance
peak gradually redshifts from 469 nm to S00 nm demonstrating basical-
ly linear relationship (R?=0.99) between the peak shift and methanol
concentration (Figure 4b). We observed similar linear trend and mod-
ulation of the reflectance spectra of the RPC upon its exposure to other
linear molecule vapors at variable concentrations (ethanol, propanol,
butanol and n-hexane) (Figure S8).

Response and recovery time are also important factors in as-
sessing the ZIF-8 RPC. The recovery time is the time needed to restore

the original reflectance peak position, defined under nitrogen gas expo-
sure. Figure 4c shows the dynamics of the reflectance peak position as a
function of time revealing the response and recovery time of the pho-
tonic crystal sensor upon its consecutive exposure to saturated vapor of
methanol and nitrogen. The data indicates the sensor response time to
methanol vapor less than 30 s, while it takes about 3 min for complete
recovery upon exposure to nitrogen. Sensor demonstrates good repro-
ducibility of the optical response (peak shift and response/recovery
time) to methanol (Figure 4d) as well as to other tested linear mole-
cule vapors (Figure S8) under 20 consecutive measurement cycles.
Furthermore, according to the TGA analysis the ZIF-8 nanocrystals
withstand temperatures up to 400 °C (Figure S10), demonstrating po-
tential of using sensor heating to speed up the recovery time and sens-

ing performance.
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Figure 4. (a) Series of reflection spectra of the RPC made of the ZIF-8
nanocrystals with a size of 160 nm exposed to varying relative concen-
trations of methanol vapor mixed with nitrogen. (b) Relative concen-
tration of methanol vapor as a function of spectral position of reflec-
tance peak. (c) Dynamics of the reflectance peak position upon sensor
exposure to saturated methanol vapor (t = 0) and to nitrogen (t=50's)
as a function of time t. (d) Cycling sensing performance of the ZIF-8
RPC upon its consecutive exposure to saturated methanol and nitro-
gen.

Figure S depicts the relaxation dynamics of the optical response of
the chosen ZIF-8 RPC after the end of its exposure (marked as t=0) to
six different vapors (methanol, ethanol, propanol, butanol, n-hexane,
and cyclohexane). As can be seen, once the vapor exposure is switched
off, the spectral position of reflection peak (dashed curve) starts to
gradually blue shift towards its initial position, while the reflection peak
intensity remains almost unchanged. In the case of all tested linear
molecules (Figure Sa-e), the blueshift of the reflectance wavelength is
noticeably larger comparing to similar response of the sensor exposed
to cyclohexane (Figure Sf). Substantial difference in observed recovery
times reflects completely different diffusion rate of the linear and cyclic
molecules inside the nanopores of the RPC and near its outer surface as
it is schematically illustrated in Figure Sg. As it was mentioned above,
cyclic molecules are adsorbed on the surface of the photonic crystal,
resulting in their fast desorption and recovery time. To the contrary,
linear molecules penetrate deeper inside RPC through the pores, thus
their diffusion outside takes more time.
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Figure 5. Recovery of the ZIF-8 RPC sensor response after the end of
its exposure with different linear and cyclic molecule vapors: (a) n-
hexane; (b) methanol; (c) ethanol; (d) propanol; (e) butanol; (f) cy-
clohexane. (g) Diffusion diagram of linear and cyclic molecules in the
ZIF-8 RPC.

The data on wavelength shift versus time (or sensor recovery time)
is further summarized in Figure 6a for several organic vapors. Notewor-
thy, considered vapors have similar refractive indices causing identical
spectral shifts of the reflectance peal of the RPC (Table S2). For in-
stance, the refractive indices of methanol and ethanol are 1.349 and
1.362, respectively, which makes it difficult to tell them apart. On the
other hand, the recovery time of the sensor exposed to methanol, etha-
nol, propanol, n-hexane and n-butyl alcohol, are 2, 5, 16, 85 and 150
min, respectively, being compared much shorter recovery time (<30 's)
of the sensor exposed to cyclohexane, benzene, toluene and xylene
(Figure S11). These large differences are due to the fact that recovery
times are governed by the diffusion speed of the molecules in ZIF-8
RPC, so that homologues and species with similar refractive index can
still be distinguished based on their diffusion coefficient inside the
pores.

As an example of how the MOF-based sensor takes advantage of
the relation between solvent properties and diffusion constant in ZIF-
8, the relationship between the recovery time of methanol and the cor-
responding wavelength of the reflection peak can be explicitly cast us-
ing a simple model. According to Bragg's Law, the reflection wave-
length of the ZIF-8 sensor at recovery time ¢ can be calculated using the
following equation:

4 ‘ Cu
= 1-f,—f,)n f,+ f,)[(n, —D=A-+1
}‘l [(1_ fl— fz)nzu:,s + fznA]l( 1 2) ZIF-8 +( 1+ 2)[ A CAD + ]}

(1)
where A is the reflection wavelength upon saturation of organic vapors
(see Equation S1; Supporting Information), nzir.s is the refractive index
of ZIF-8, nya is the refractive index of methanol, Cao is the maximum
adsorption capacity of methanol in ZIF-8 RCP, Ca is adsorption
amount of methanol in ZIF-8 RCP after desorption time t, while f; and
f2 represent the volume rate of pores of ZIF-8 and ZIF-8 RPC, respec-
tively. By differentiating this equation one can obtain

dﬂt _ /10( f1 + fz)(nA _l) dCAt

dt  [(@-f,— f,)nue o+ F,0,JC,, dt 2)

According to Fick's second law, the relationship between methanol
concentration in ZIF-8, the diffusion coefficient and the diffusion time
can be calculated as

€, _d g &

dt  dx dx ()
where Da is diffusion coefficient of methanol and x is the distance
through the equivalent diffusion layer. By combining equations (2) and
(3), we finally obtain the wavelength variation as a function of the dif-
fusion process along the ZIF-8 RPC (Figure S12)

Ak _ A+ )0, -DD,  d dC,,
dt [(A-f,— )N, o+ f,n,JC,, dx  dx (4)

The obtained equation confirms that faster sensor response and short-
er recovery time are expected for molecules with larger diffusion coeffi-
cients, that is consistent with the results shown in Figure 6a. Taking
into account the measured recovery time of the RPC gas sensor ex-
posed to methanol (2 min), ethanol (S min), propyl alcohol (16 min),
n-hexane (85 min) and n-butyl (150 min), we can compare the diffu-
sion coefficients for these molecules estimated using the Fuller formula
(see Supporting Information). These estimations give diffusion coeffi-
cients of methanol, ethanol, propanol, n-hexane and n-butyl of
1.5955 x 10, 122233 X 105, 1.02167 X 10%, 7.64045 X 10%,
8.93121X10%, respectively. The diffusion coefficients of these mole-
cules show a decreasing trend, which is associated with the observed
increase of their recovery time.
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Figure 6. (a) Time evolution of the reflection peak wavelength for var-
ious vapors; (b) relationship between the spectral shift of reflectance
peak and sensor recovery time for various organic vapors.

Thus, calculated and measured results are in good agreement, with the
small deviation of n-butanol, which may be explained by its high boil-
ing point with respect to the other species. Plotting the overall peak
shift range and characteristic recovery times for all the tested molecules
shows a net clustering between the two types of structures, as shown in
Figure 6b. Linear molecules show a longer recovery time and a larger
wavelength shift range, enabling the identification of molecular size
and homologues. Similar assembly process developed for ZIF-8 MOFs
was adopted to prepare the RPCs from another nanocrystals, UiO-66
MOF (Figure S13-S15), demonstrating flexibility of the developed
protocol broadened the research idea and application prospect of
MOFs photonic crystals.
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CONCLUSION

In summary, a ZIF-8 RPC was designed by self-assembly of monodis-
perse ZIF-8 nanocrystals, which showed a strong optical response in
terms of reflection peak shift and recovery time when exposed to differ-
ent analytes. By combining the information from these two observa-
bles, the sensor is able to identify species with similar molecular sizes,
homologues and organic compounds with nearly identical refractive
index. Large differences in the observed recovery times are due to the
fact that only small linear molecules can enter the ZIF-8 pore, while
large cyclic can be adsorbed only on the external surface of the MOF
channels. The observed wavelength shift is fully reversible after a few
minutes following the alternating exposure to organic vapor and nitro-
gen. The inverse relationship between the recovery time of ZIF-8 RPC
and the diffusion coefficient of organic molecules was also derived
through a simple model. For analytes with similar refractive indices,
such as propanol (n=1.385) and n-hexane (n=1.387), despite similar
peak wavelength shift values, very different recovery times are observed
of 16 min and 85 min, respectively. Thanks to different diffusion dy-
namics associated to different molecules, MOF-based photonic crystals
hold promise for the unambiguous detection of small and linear homo-
logs according to their recovery times.

METHOD

Materials. Zinc acetate (Zn (CH3;COO),), Hexadecyl trimethyl am-
monium Bromide(CTAB), 1,4-Dicarboxybenzene (BDC) and Zirco-
nium(IV) chloride(ZrCls) were purchased from Aladdin. Acetic Acid
(CHsCOOH) and anhydrous ethanol (C:HsOH) were purchased
from Sinopharm Chemical Reagent Co., Ltd. The experiment water
used was Mill-Q secondary ultrapure water (18.25 MQ.cm?®). 2-
Methylimidazole (C4HsN2) was purchased from Alpha Pharmaceutical
Limited. N,N-dimethylformamide (DMF), methanol(CH30H), n-
propanol(CsHsO), 1-butanol(CsH10), n-Hexane(CeH.4), cyclohex-
ane(CeH12), Benzene (CsHs), methylbenzene(C7Hs), dimethylben-
zene(CsH o) and iso-propyl alcohol(CsHsO) were provided by Xilong
Scientific Co., Ltd. All reagents with analytical grade were purchased
and used without further purification.

Synthesis of monodispersed ZIF-8 with an addition of CTAB. Zn
(CH5C0O0): (0.6 g, 3.27 mmol) was first dissolved in 10 mL of deion-
ized water at room temperature as a zinc source. Aqueous solutions
with different concentrations of hexadecyl trimethyl ammonium bro-
mide (CTAB) were 0.4, 0.5, 0.6 and 0.7 mmol/L, respectively. After
completely dissolving the 2-methylimidazole (0.223 g, 0.272 mol) in
10 ml of CTAB solution, 10 ml of prepared Zn(CH;COO); solution
was added. The solution was magnetically stirred for S minutes to en-
sure complete mixing, and then left to react at room temperature for 2
h. After the reaction, the as-synthesized materials were collected by
centrifugation and thoroughly washed three times with deionized wa-
ter (Table S1).

Preparation of ZIF-8 photonic crystals. Glass plates were first soni-
cated with acetone, anhydrous ethanol, and deionized water for 15
min, respectively. Then, glass substrates are dried at 60 °C for 2 h and
treated with plasma for S min to enhance hydrophilicity. PDMS and
curing agent with a mass ratio of 10:1 were placed in a vessel, mixed
evenly with a glass rod and left to rest for about 1 h. When the bubbles
disappear completely, a syringe is used to deposit PDMS on the glass
plate. Blade coating is used to spread the PDMS evenly over the glass
plate followed by its drying at 60°C for 10 hours. PDMS is used to ad-

just the ZIF-8 solution onto the plate before assembly, so that the
MOF dispersion can be more evenly coated on the surface of the plate,
so as to obtain higher quality photonic crystals. A solution of 10%
monodisperse ZIF-8 in ethanol and water (1:1) was drop-casted to the
prepared substrate. Then, the PDMS-coated substrate was placed in a
constant temperature water tank at 60 °C for 10 h. Finally, the 3D pho-
tonic crystals are obtained from PDMS-coated glass by self-assembly of
monodispersed ZIF-8 nanocrystal.

Characterization. Scanning electron microscope (SEM) images was
carried out with Helios Nanolab600i. X-ray diffraction (XRD) data was
obtained on a Bruker D8 Advance diffractometer with Cu K. radiation
at a scan rate of 10° min™. The specific surface area and pore size of the
samples were assessed by the Brunauer-Emmett-Teller (BET) method
(APAS-2020). Thermogravimetric analysis (TGA) was used to study
the thermal stability of the materials (Perkin Elmer STA600). Fourier
Transform Infrared (FTIR) spectrometer (Nicolet iSS) was used to
analyze the composition and structure of the samples. JCY-1 setup
from Shanghai Fongrui Company was used for contact angle tests. The
dispersion of ZIF-8 nanopaticles was characterized by dynamic light
scattering method (Zetasizer Nano $90 Malvern). The optical proper-
ties of the samples were tested by a fiber-coupled spectrometer (Ocean
Optics Maya 2000).
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