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ABSTRACT: A facile vapor-assisted conversion strategy has been
developed to prepare mechanically robust spherical ferrierite
zeolite, in which millimeter-sized commercial silica spheres doped
with Na and Al were utilized as the precursor and cheap
ethylenediamine (EDA) aqueous solution as the liquid phase.
Characterization results demonstrated that the shape of the
spheres can be well maintained after crystallization, and their
interior is solid with compact crystal intergrowth. The ferrierite
content in the resultant spheres can reach as high as 100%. More
interestingly, the as-synthesized ferrierite spheres are Na+-free, and
proton-form product can be directly obtained after simple
calcination. The crystallization process of spherical ferrierite and the influence factors on the synthesis were investigated. It was
revealed that control of the Na amount on the spherical precursor was critical for the crystallization, and a Na/Si ratio in the range of
0.10−0.13 facilitated the achievement of binder-free ferrierite spheres.

1. INTRODUCTION
Aluminosilicate zeolites are important crystalline microporous
materials, which have found widespread applications in the
chemical industry including catalysis, adsorption, separation,
etc. Ferrierite (also denoted as ZSM-35) is one of the
important members of the zeolite family, which possesses a
two-dimensional framework consisting of an intersected 8-
membered ring (8-MR) and 10-MR channels and has good
(hydro)thermal stability.1,2 Ferrierite has exhibited excellent
catalytic activity in n-alkene skeletal isomerization,3 dimethyl
ether carbonylation,4 and olefin oligomerization to diesel.5

When combined with other components, the catalytic
applications of ferrierite can be further extended. For example,
Cu-ZnO-Al2O3/ferrierite composites were reported to be
superior catalysts for syngas conversion to dimethyl ether.6

Pt/ferrierite showed good catalytic performance in the
selective catalytic reduction of NO by H2 with high NO
conversion and N2 selectivity.7

Over the past few decades, the research on the synthesis of
ferrierite mainly focuses on the control of crystal morphol-
ogy,5,8,9 the development of new organic structure directing
agents (OSDAs)10−13 and new synthetic routes,14−16 and the
tuning of the Al location (acid distribution) in the frame-
work.10,17−20 Plank et al. first reported the hydrothermal
synthesis of ferrierite in 1977.21 Xu et al. subsequently
synthesized ferrierite in a nonaqueous system and revealed
that its crystallization followed a solid phase transformation

mechanism.22 To decrease the diffusion lengths along the 10-
MR direction, nanoneedle-like ferrierite was synthesized by
using choline or pyrrolidine as OSDA, which can effectively
improve the catalytic activity of 1-butene skeletal isomer-
ization.8,23 Pinar et al. reported the synthesis of ferrierite in a
fluoride-assisted system.24 They also revealed the distribution
of Bro̷nsted acid sites in ferrierite depends on the OSDA used.
For example, in an HF-pyrrolidine-tetramethylammonium
system, the acid sites are mainly distributed at the 8-MR
pore mouths, while in an HF-pyrrolidine system, the Bro̷nsted
acid sites are distributed in the fer cages.10

Nevertheless, the synthesized zeolites in powder form need
to go through other multisteps, such as calcination to remove
OSDAs, ion exchange, shaping and calcination again to obtain
proton-form products, before they can be loaded into
industrial reactors. The shaping process is necessary to prepare
zeolite catalysts with a suitable shape/size and sufficient
mechanical strength, in order to avoid the large pressure drop
of the reactors and ensure their long-term use of the catalyst
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with less powdering. Binders are generally indispensable for the
shaping process of zeolite catalysts, which include water glass,
clay, silica sol, alumina, etc. As the inorganic binders cannot be
removed by calcination, their introduction reduces the content
of active components. Moreover, they may block the pore
mouth of zeolites, causing aggravated mass transfer limitation.
Therefore, it would be desirable to synthesize binder-free
zeolites with a specific shape/size and good mechanical
strength.

The strategies developed for the preparation of binder-free
zeolite catalysts include 3D printing,25−27 pressure shaping,28

gel casting,29 and self-assembly of nanosized zeolites.30

However, the relevant preparation procedures are generally
complicated, and the products often have limited mechanical
strength. Another method is the in situ crystallization of
preshaped precursors prepared by mixing raw amorphous
materials and shaping them into a certain shape and size. As
the diameter of the catalyst particles used for industrial fixed-
bed reactors is generally in the size of millimeters, it is critical
to maintain the uniform crystallization of overall particles, in
order to avoid hollow or local particle damage. Hitherto, the
successful conversion to binder-free zeolites with a well-
retained shape was mainly reported for ZSM-5.31−33 Recently,
we realized the synthesis of MOR spheres with good
mechanical strength,34 in which the precursor preparation
with homogeneous elemental distribution was revealed to be
essential for avoiding surface cracks or hollow cores. Moreover,
to reduce the difficulty for complete conversion, a large
amount of zeolite powder was also added for the preparation of
a preshaped precursor,35,36 which allows better control of the
product property, but increases the complexity of the whole
procedure.

In this paper, mechanically robust spherical ferrierite in
millimeter size was successfully synthesized via vapor-assisted
conversion of Na and Al doped commercial silica spheres
under the help of cheap ethylenediamine (EDA). The resultant
spheres have a well-retained shape, and the ferrierite content
can reach as high as 100%. The physicochemical properties of
the binder-free ferrierite spheres were characterized in detail,
and the influence factors on the synthesis were investigated.

2. EXPERIMENTAL SECTION
2.1. Materials. The chemicals used for the synthesis included:

porous silica spheres (SiO2, 98.5 wt %, Qingdao Shiji Haiyang
Desiccant Co., Ltd.), sodium aluminate (NaAlO2, containing 51 wt %
Al2O3 and 45 wt % Na2O, Sinopharm Chemical Reagent Co., Ltd.),
sodium hydroxide (NaOH, 96 wt %, Sinopharm Chemical Reagent
Co., Ltd.), ethylenediamine (EDA, 99 wt %, Tianjin Damao Chemical
Reagent Factory), and silica sol (30 wt %, Qingdao Chengyu
Chemical Co., Ltd.). The reagents were used for the synthesis without
further purification.
2.2. Preparation of Spherical Ferrierite. The spherical ferrierite

was synthesized by the vapor-assisted transformation method.
Typically, sodium aluminate was added into the deionized water to
obtain a clear aqueous solution by magnetic stirring. The molar
composition of the obtained impregnation solution was 1.0 Al2O3: 1.5
Na2O: 75 H2O. Then about 2 g of porous silica spheres was added
into the impregnation solution (mass ratio of liquid to solid is 3/1)
under vacuum conditions (∼5000 Pa) for 10 min at room
temperature, followed by filtering the excessive liquid and drying at
ambient temperature to obtain the spherical precursors. 3.03 g EDA
and 2.16 g water were put into the bottom of the stainless-steel
autoclave, and then the precursors were transferred into a Teflon cup,
which was placed above the liquid, so that the precursors did not
contact the liquid during the crystallization. The autoclave was heated
at 175 °C for 76 h under autogenous pressure. After crystallization,
the spherical product was collected, washed with deionized water until
the pH value was closed to 7, and dried at 100 °C overnight. The as-
synthesized product was denoted as FER-S. The H-form product
(denoted as H-FER-S) was obtained by calcination at 550 °C in air to
remove the organic compounds.

For investigating the crystallization process of spherical ferrierite,
spherical precursors were prepared and crystallized with the same
procedure as FER-S except that the molar composition of
impregnation solution for the precursors was 1.0 Al2O3: 1.5 Na2O:
65 H2O.

The OSDAs explored for the synthesis included tetrahydrofuran,
pyridine, cyclohexylamine, and EDA. The preparation process of the
precursors was similar to that of FER-S. All the precursors were
impregnated by using the same solution (1.0 Al2O3: 1.5 Na2O: 50
H2O), and the OSDA (0.05 mol) and H2O (0.1 mol) in the liquid
phase for crystallization were kept at the same moles. The
crystallization condition was the same as that of FER-S.

To learn the effect of the concentration and alkalinity of the
impregnation solution on the synthesis, the precursors were prepared

Figure 1. XRD patterns of a silica sphere (a) and as-synthesized spherical FER-S (b), optical photograph (c), SEM images of the cross-section (d)
and internal crystals (e) of spherical FER-S. The inset SEM image in (a) shows the interior of a silica sphere.
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by changing the water content of the impregnation solution (1.0
Al2O3: 1.5 Na2O: x H2O, where x = 45−120) and by varying the
NaOH amount of the solution (1.0 Al2O3: x Na2O: 65 H2O, where x
= 1.75−2.50), respectively. The crystallization condition was the same
as that of FER-S.
2.3. Preparation of Conventional Ferrierite. 88.88 g silica sol,

4.65 g NaAlO2, 0.93 g NaOH, 16.19 g EDA, and 100 g deionized
water were mixed and stirred for 2 h. The mixture was transferred into
a Telfon-lined stainless steel autoclave and heated at 170 °C for 60 h.
The solid product was washed with deionized water several times.
The product Si/Al ratio determined by XRF was 8.4.
2.4. Characterization. The crystalline phases of the products

were determined by powder X-ray diffraction (XRD) on a
PANalytical X’Pert PRO X-ray diffractometer with Cu Kα radiation
(λ = 0.154059 nm). The elemental composition was characterized by
a Philips Magix-601 X-ray fluorescence (XRF) spectrometer. The
product morphology was observed using a Hitachi SU8020 scanning
electron microscope (for all SEM images except Figure 1d) and
Hitachi TM3000 (for Figure 1d only). N2 adsorption and desorption
isotherms were measured on Micromeritics ASAP 2020 analyzer at
−196 °C. Prior to the analysis, samples were pretreated at 300 °C
under a vacuum for 5 h. The total surface area was calculated from the
BET equation. The micropore area and micropore volume were
evaluated by the t-plot method. The acidity was measured by
temperature-programmed desorption of ammonia (NH3-TPD) on a
Micromeritics Autochem II 2920. 100 mg of H-form sample was first
outgassed in He (60 mL min−1) at 650 °C for 1 h. After cooling to
100 °C, the sample started to adsorb NH3 under a flow of NH3/He
for 1 h and purged by He until the baseline was stable. The desorption
was carried out from 100 to 650 °C under He (20 mL min−1) with a
heating rate of 10 °C min−1. The compressive strength of the samples
was measured on ZQJ-II Intelligent particle strength tester produced
by Dalian Intelligent Testing Instrument Co. Ltd. The solid-state
MAS NMR spectra were recorded on a Bruker Avance III 600
spectrometer with a magnetic field intensity of 14.1 T, using a 4 mm
WVT double resonances MAS probe. The 29Si MAS NMR spectra
were recorded at a resonance frequency of 119.2 MHz with a spinning
rate of 8 kHz and a pulse width of 2.5 μs. The recycle delay was 10 s.

The 27Al MAS NMR spectra were recorded at 156.3 MHz with a
spinning rate of 12 kHz and 2 s recycle delay. Thermal analysis (TA)
experiments were conducted on a SDT Q600 thermal analyzer. About
10 mg sample was used and heated from room temperature to 1000
°C at a rate of 10 °C min−1 in air with a flow rate of 100 mL min−1.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of Spherical

Ferrierite Zeolite. Millimeter-sized spherical ferrierite zeolite
(named FER-S) was synthesized by a vapor-assisted trans-
formation method using Na and Al doped amorphous silica
spheres as precursors and EDA aqueous solution as the liquid
phase. The crystallization was carried out at 175 °C for 76 h.
The powder XRD patterns of the samples are shown in Figure
1a,b. The pristine silica spheres were amorphous with a broad
peak between 15 and 30°. The XRD pattern of the spherical
product was in good agreement with the simulated pattern of
the FER phase, evidencing the good crystallinity of the
product. Figure 1c presents the optical photograph of the as-
synthesized FER-S, showing that the spherical shape with a size
of about 2 mm is well maintained after crystallization. No
breakage or cracking can be observed. The cross-section image
in Figure 1d evidences the solid interior of the sphere. Further
magnification of the interior (Figure 1e) reveals that ferrierite
crystals are in plate-like morphology, and they are interwoven
with each other. We further measured the mechanical strength
of the calcined spherical FER-S. A high average compressive
strength of 32 N was obtained, which should result from the
solid interior of the spheres and the compact crystal
intergrowth.

Figure 2a gives the N2 adsorption and desorption isotherms
of the samples. The spherical FER-S is a typical microporous
material with type I isotherm. The BET surface area is 305 m2

g−1, and the micropore surface area is 283 m2 g−1. The values
are close to those of conventional ferrierite powder synthesized

Figure 2. (a) N2 adsorption−desorption isotherms of silica sphere (red), FER-S (blue), and conventional ferrierite (yellow). (b) Thermal analysis
curves of FER-S.

Table 1. Elemental Compositions and Textual Properties of the Precursors and the Synthesized Products

Si/Al/Na ratioa

sample xb precursor product SBET(m2 g−1) Smicro(m2 g−1) Vtotal(cm3 g−1) Vmicro(cm3 g−1) Rz
c (%)

conventional FER - - - 315.4 283.5 0.16 0.13 -
1 45 1/0.087/0.130 1/0.089/0 289.5 259.1 0.15 0.12 92
2 (FER-S) 75 1/0.064/0.104 1/0.066/0 305.3 283.5 0.15 0.13 100
3 90 1/0.057/0.103 1/0.057/0 277.3 259.6 0.15 0.12 92
4 120 1/0.048/0.077 1/0.050/0.003 163.6 120.6 0.11 0.06 43
silica sphere - - - 176.0 5.4 0.46 0 -

aDetermined by XRF. bImpregnation solution for precursor preparation: 1.0 Al2O3: 1.5 Na2O: xH2O; cZeolite content, which was calculated by
comparing the micropore area of spherical product with that of conventional ferrierite.
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by a conventional method (Table 1). To confirm the origin of
the micropores in FER-S, the textural properties of the pristine
silica sphere were also determined. A type IV isotherm was
obtained, giving a large external area and mesopore volume,
but a very small micropore area. Therefore, we evaluate the
zeolite content in FER-S by comparing its micropore area with
that of conventional ferrierite. Note that the relative XRD
crystallinity of zeolites is not used for the evaluation herein, as
it is sensitive to the crystal morphology, size, and occluded
substances of the samples, especially for the low-angle peaks.
The result in Table 1 indicated that the precursor was
completely transformed into ferrierite zeolite. Such a high
ferrierite content in the shaped product has never been
reported before, which would be favorable for its catalytic
applications.

According to the XRF results (Table 1), the spherical FER-S
has a Si/Al molar ratio of 15.3, and no Na ions were detected,
meaning that H-form ferrierite can be directly obtained by
simple calcination without an ion exchange process. The
thermal analysis curves are shown in Figure 2b. In combination
with the XRF and TG results, the unit cell composition of as-
synthesized FER-S can be determined to be EDA3.30(H2O)3.50|
[Al2.21Si33.79O72], showing that only part of EDA was
protonated in the crystals to balance the negative framework.

The 29Si and 27Al MAS NMR spectra of the as-synthesized
FER-S and its calcined one are shown in Figure 3. There are
four coordination environments observed for Si atoms with
chemical shifts at −101, −106, −112, and −115 ppm. Both
signals at −112 and −115 ppm can be attributed to the Si(0Al)
species due to the existence of four T atom sites in the FER
framework.37 The signal at −106 ppm corresponds to Si(1Al)
species. The weak signal at −101 ppm may be associated with
Si(1Al) of different T sites or Si(OH) species. The 27Al MAS
NMR spectrum of the as-synthesized FER-S gives one narrow
strong resonance at 54 ppm, evidencing that all the Al atoms
exist in the framework in a tetrahedral coordination environ-
ment. After calcination, a weak signal at 0 ppm appears in the
spectrum, which implies the occurrence of dealumination
during calcination, similar to that of conventional ferrierite.

The acid properties of the directly calcined FER-S (namely
H-FER-S) were characterized by NH3-TPD. As shown in
Figure 4, there are two desorption peaks around 210 and 472
°C, corresponding to the weak and strong acid sites,
respectively. Based on the high-temperature desorption peak,
the acid amount in H-FER-S was calculated to be 0.51 mmol
g−1.
3.2. Crystallization Process Investigation. The crystal-

lization process of spherical FER was investigated (the molar

composition of the impregnation solution was 1.0 Al2O3: 1.5
Na2O: 65 H2O), and the results are shown in Figure 5. From
the XRD patterns of the samples with different crystallization
times (Figure 5a), no obvious diffraction peak can be observed
for the 12 h sample. After crystallization for 24 h, a small peak
at 9.3° appears, indicating the generation of a small amount of
ferrierite crystals in the product. When the crystallization time
prolongs to 36 h, the characteristic peaks belonging to the FER
phase can be clearly observed together with a weak broad peak
at 20−30°, implying the existence of amorphous materials in
the solid product. After 48 h, the diffraction peaks of the FER
phase got stronger, and the broad peak became indistinguish-
able. The crystallinity of the samples showed little change after
60 h until the end of the crystallization.

The SEM images of the samples are presented in Figure 5b.
The interior of the initial spheres consists of nanoparticles
(about 50 nm) with irregular morphology. Following the
progress of crystallization, these aggregated particles grow
gradually. A small amount of lamellar crystals can be observed
for the 36 h sample. Subsequently, the amount of lamellar
crystals increases at the expense of amorphous materials. For
the 72 h sample, the product is completely crystallized with
plate-like morphology. The morphology evolution of the
samples is in agreement with the XRD results.
3.3. Effect of OSDA Type and Precursor Compositions

on the Synthesis of Spherical Ferrierite. The effect of
OSDA type on the synthesis is displayed in Figure 6. All the
OSDAs selected here were previously reported to be effective
for the conventional hydrothermal synthesis of ferrierite. It is
clear that EDA possessed the best ability for the synthesis of
ferrierite. With the use of pyridine as OSDA, a large amount of
MOR was observed together with the formation of ferrierite.
When using cyclohexylamine as OSDA, the major phase of the
product became MOR. For tetrahydrofuran, only amorphous

Figure 3. (a) 29Si and (b) 27Al MAS NMR spectra of spherical FER-S. (c) 27Al MAS NMR spectra of conventional ferrierite. Black line: as-
synthesized sample. Red line: calcined sample.

Figure 4. NH3-TPD curve of the spherical H-FER-S sample.
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product was obtained, which was similar to the results of pure
water as the liquid phase and suggests the weak directing
ability of tetrahydrofuran.

The precursor compositions also have an important
influence on the synthesis of spherical ferrierite. Four silica-
based precursors were first prepared by changing the water
content of impregnation solution (1.0 Al2O3: 1.5 Na2O: x
H2O, where x = 45, 75, 90, 120). As listed in Table 1, following
the decrease of impregnation solution concentration, both the
Si/Al ratio and Si/Na ratio of the prepared precursors rose
significantly. The Na/Al ratio of the precursor varied in the
range of 1.45−1.79, which was close to that of the
impregnation solution, showing that the variation of solution
concentration has little effect on the deposition of Al and Na
on the precursor under the investigated conditions.

The XRD patterns and textural properties of the synthesized
products are displayed in Table 1 and Figure 7a, respectively.
Samples 1, 2, and 3 possessed high crystallinity, and their
zeolite contents were more than 90%, while for sample 4
prepared using the precursor with the lowest impregnation
solution concentration, its crystallinity was low and the
corresponding zeolite content was only 43%. Given that
EDA can direct the synthesis of ferrierite in a wide range of Si/

Figure 5. XRD patterns (a) and SEM images (b) of the spherical FER-S with different crystallization times.

Figure 6. XRD patterns of the products synthesized by vapor-assisted
conversion with the use of different OSDAs in the liquid phase.

Figure 7. Effect of precursors prepared with different impregnation solution concentrations on the synthesis. (a) XRD patterns and (b) SEM
images.
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Al ratios,38 the low crystallinity of sample 4 was supposed to be
caused by the lower Na content on the precursor. Moreover,
all four products maintained their spherical shape after
crystallization. From Figure 7b, the ferrierite crystals have
plate-like morphology, and there are obvious amorphous
residues for sample 4, which are consistent with the results of
XRD and N2 physisorption. The elemental compositions of the
products are given in Table 1, indicating that the Si/Al ratio of
the products was close to that of the precursors and there were
no Na ions in the three well-crystallized ferrierite products.

The effect of impregnation solution alkalinity on the
synthesis was investigated by varying the NaOH amount of
the solution (1.0 Al2O3: xNa2O: 65 H2O, where x = 1.75, 2.00,
2.50). The correspondingly synthesized products were named
as sample 5, 6, and 7 respectively. As shown in Table 2, the

three precursors possessed a similar Si/Al ratio, and the Na/Al
ratio of the precursors showed a rising trend following the
increase of impregnation solution alkalinity. It is noted that for
the precursor of sample 7, its Na/Al ratio was obviously lower
than that of the impregnation solution, implying that the
relatively less deposition of Na than Al on the precursor when
using high alkalinity solution.

The XRD patterns and SEM images of the samples are
shown in Figure 8. When x = 1.75, the sample was pure FER
phase. Increasing x to 2, quartz impurity with characteristic
peak at 20.8° appeared in the XRD pattern, which grew
stronger following the increase of solution alkalinity. The
change of impregnation solution alkalinity also affected the
crystal morphology of the samples, although they all
maintained the spherical shape. The crystals were plate-like
at x = 1.75. Their thickness became thinner when x = 2.
Further increasing the solution alkalinity, the crystals
morphology became irregular together with the existence of

amorphous materials. Moreover, from Table 2, the Si/Al ratio
of the products resembled that of the precursors, but a small
amount of Na ions was left on samples 6 and 7. These results
demonstrated that the Na amount on the precursors, which
was determined by the concentration and alkalinity of
impregnation solution, has important effects on the ferrierite
crystallization and its product purity. To keep the Na/Si ratio
of the precursor in the range of 0.10−0.13 would facilitate the
synthesis of pure FER product with no Na residues.

4. CONCLUSIONS
Millimeter-sized binder-free spherical ferrierite zeolite has been
successfully synthesized by vapor-assisted conversion of Na
and Al doped amorphous silica spheres. EDA was demon-
strated to be powerful OSDA for the synthesis under the
investigated conditions. The conversion of the precursor can
be complete, achieving about 100% ferrierite content in the
resultant spheres. The well-maintained shape together with
solid interior and compact crystals intergrowth was believed to
contribute to the good mechanical strength of the product. As
Na+ ions did not incorporate in the as-synthesized spherical
product, proton-form ferrierite spheres can be obtained after
simple calcination, which would be favorable for its catalytic
applications. The Na amount on the precursor spheres was
revealed to have important effects on the ferrierite crystal-
lization and phase purity, and the optimum Na/Si ratio was in
the range of 0.10−0.13. It is anticipated that this facile method
will benefit the preparation of more industrially important
binder-free zeolite spheres.
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(37) Sarv, P.; Wichterlová, B.; Čejka, J. Multinuclear MQMAS NMR
Study of NH4/Na-Ferrierites. J. Phys. Chem. B 1998, 102 (8), 1372−
1378.

(38) Pan, R. L.; Jia, M. J.; Li, Y. P.; Li, X. F.; Dou, T. In Situ
Delamination of Ferrierite Zeolite and its Performance in the
Catalytic Cracking of C4 Hydrocarbons. Chin. J. Chem. Eng. 2014,
22 (11), 1237−1242.

Crystal Growth & Design pubs.acs.org/crystal Article

https://doi.org/10.1021/acs.cgd.2c01486
Cryst. Growth Des. 2023, 23, 1951−1958

1958

 Recommended by ACS

Supercritical Hydrothermal Synthesis of Spinel-Type
Nonstoichiometric Cobalt Gallate Nanoparticles and Their
Magnetic Properties
Bo Xie, Seiichi Takami, et al.
MARCH 13, 2023

CRYSTAL GROWTH & DESIGN READ 

Fe/Fe3O4@mSiO2 Core–Shell Nanostructures for Broad-
Band Microwave Absorption
Yuanyuan Zhang, Jiantang Jiang, et al.
JANUARY 11, 2023

ACS APPLIED NANO MATERIALS READ 

In Situ and after Synthesis of Magnetic Nanoarchitectures
Grown onto Zeolite Type 5A/CTAB Frameworks and Their
Ecotoxicological Properties
María Fernanda Moyano-Arocutipa, Juan A. Ramos-Guivar, et al.
MARCH 08, 2023

CRYSTAL GROWTH & DESIGN READ 

Comprehensive Model for the Synthesis of γ-Al2O3

Microsphere-Supported Bimetallic Iron- and Copper Oxide
Materials
Bram Seynnaeve, An Verberckmoes, et al.
OCTOBER 31, 2022

ACS OMEGA READ 

Get More Suggestions >

https://doi.org/10.1039/D2CC02200A
https://doi.org/10.1016/j.cej.2020.128011
https://doi.org/10.1016/j.cej.2020.128011
https://doi.org/10.1016/j.cattod.2012.09.009
https://doi.org/10.1016/j.cattod.2012.09.009
https://doi.org/10.1016/j.memsci.2013.07.027
https://doi.org/10.1016/j.memsci.2013.07.027
https://doi.org/10.1021/cm030640b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm030640b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.micromeso.2019.109731
https://doi.org/10.1016/j.micromeso.2019.109731
https://doi.org/10.1016/j.micromeso.2019.109731
https://doi.org/10.1016/j.solidstatesciences.2013.03.001
https://doi.org/10.1016/j.solidstatesciences.2013.03.001
https://doi.org/10.1016/j.solidstatesciences.2013.03.001
https://doi.org/10.1016/j.micromeso.2012.03.017
https://doi.org/10.1016/j.micromeso.2012.03.017
https://doi.org/10.1021/acsami.8b11823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b11823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b11823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S1872-2067(17)62756-6
https://doi.org/10.1016/S1872-2067(17)62756-6
https://doi.org/10.1016/j.micromeso.2010.03.023
https://doi.org/10.1016/j.micromeso.2010.03.023
https://doi.org/10.1016/j.micromeso.2010.03.023
https://doi.org/10.1021/jp973028e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp973028e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cjche.2014.09.006
https://doi.org/10.1016/j.cjche.2014.09.006
https://doi.org/10.1016/j.cjche.2014.09.006
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.2c01486?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.2c01435?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsanm.2c05170?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00076?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
http://pubs.acs.org/doi/10.1021/acsomega.2c06273?utm_campaign=RRCC_cgdefu&utm_source=RRCC&utm_medium=pdf_stamp&originated=1701916051&referrer_DOI=10.1021%2Facs.cgd.2c01486
https://preferences.acs.org/ai_alert?follow=1

