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Abstract

Access issues to potable waters around the planet is the motivation for research in desalination
technologies. One class of materials that is a research focus for desalination membranes are
zeolites that are comprised of silicon, aluminum, and oxygen, and have structures that include
regular pores of varying sizes dependent on the type of zeolite. A motivation for this study was to
enable characterization of non-conductive materials containing silicon or aluminum (e.g., zeolites)
using scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS)
techniques. To avoid significant background signals directly overlapping with these samples,
common sample supports and preparation protocols involving aluminum or silicon were
precluded. Cross-linked polymer coatings applied via spin coating onto polished copper (Cu) stubs
are shown to be durable for reuse even with the use of aggressive cleaning techniques between
samples. SEM and EDS analyses of Cu stubs were performed before and after applying the
polymer coating, after drop-cast application of zeolite particles and after their subsequent removal
by sonication-based techniques. The data from those trials confirmed there was no background
interference from silicon or aluminum and no cross-contamination between samples during these

analyses, enabling quantitation of Al and Si in the samples.

Keywords: zeolite, electron microscopy, nanoparticles, cross-linked polymer film, spin coat,

reusable substrates
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1. Introduction

Select synthetic approaches of preparing custom zeolite materials have demonstrated the
potential for their use as tunable filtration membranes.!"® Zeolite crystals have regular pores, some
of which can accommodate water molecules while physically restricting hydrated ions and other
small molecules. The development of zeolites and strategies to generate zeolite-based membranes
for potential utility in desalination applications motivates the characterization methods developed
herein. One approach to exploring engineering structures of zeolites for desalination is the
formation of thin sheets of zeolites created from an exfoliation of zeolite-based nanoparticles.*5!!
The tuning of material structural properties, and in this example, from zeolite starting materials
and thin sheets generated from them, such as their dimensions and morphologies, requires access
to appropriately sensitive techniques at each step of the process.

One toolbox that could be indispensable in learning how to adjust the synthesis conditions
to achieve specific properties in the products, is electron-based imaging techniques.!®!%17
Scanning electron microscopy (SEM) can provide information on the size and shape of individual
zeolite particles. Energy dispersive X-ray spectroscopy (EDS) is used to determine the elemental
composition of individual particles, which can complement bulk analysis techniques of zeolite
materials such as X-ray diffraction, porosimetry measurements, and bulk elemental analysis
techniques. These microscopy and spectroscopy techniques are, however, not typically used for
silicon and aluminum based non-conductive materials because of background signals from
materials used in processing samples and sample-support materials.

Herein, a method is described that enables the use of electron microscopy-based techniques

for quantitative and qualitative analysis of silicon and aluminum containing nanomaterials, as

demonstrated using individual zeolite particles. Although SEM techniques are routinely used in
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these types of analyses, the use of EDS has additional challenges as summarized below that must
be overcome to be more widely used in the analysis of zeolite materials.'®!” Zeolites are an
example of a non-conductive sample that must be placed on a conductive substrate. For reasons of
practicality, the substrate must also be easily inserted into the sample handling apparatus of a SEM.
A highly conductive substrate prevents charge accumulation on a non-conductive sample that
would otherwise interfere with analysis under the focused electron beam by degrading or
precluding the evaluation of sample topography and composition. The substrate must also have
distinct surface characteristics so it can be differentiated from the sample materials, and not
interfere with the elemental analysis of the sample composition by EDS.!®!7 Many sample holders
commonly used in SEM contain aluminum or silicon. Therefore, the characterization of samples,
such as zeolites, necessarily requires non-common sample holders and sample handling methods. !
8.16.17 These are important characterization criteria because zeolite nomenclature is defined in part
by an accurate measurement of its silicon to aluminum mole ratio (Si:Al). The Si:Al ratio impacts
the mesoporous structure of the ZSM-5 zeolites, which are specifically fabricated and used for
methanol aromatization, alkane monomolecular cracking, and separations.'®!? It is for this reason
that commonly used substrates (e.g., polished silicon wafers) were deemed to be non-viable for
the characterization of zeolite particles.!” Likewise, commonly used sample holders, termed stubs,
composed of aluminum (Al) metal, cannot be used without modification of the stub.!*!> An
alternative approach has been reported, wherein zeolite samples were themselves modified by a
coating that increased their electrical conductivity and improved their adhesion to the surfaces of
an Al stub. Background signals from the Al in the stub were, however, present in all data sets

acquired on these samples.'*!
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In an approach to minimization of background Al signal in this study, conductive double-
sided carbon tape was applied to Al stubs and zeolite particles were applied to the exposed side of
the adhesive. This approach proved unsatisfactory because of the irregular thickness of the tape
and the difficulty of discerning the particles from the rough topography of the tape. These factors
negatively impacted the SEM image quality, and Si and Al contaminants in the carbon adhesive
tape generated variations in elemental composition at different locations on a single piece of tape.

The unsatisfactory outcomes with double sided carbon tape directed us to develop a
different sample preparation methodology, specifically sample supports having different elemental
composition from Al or Si, so that sample particles and related materials that contain Si and/or Al
could be characterized using electron beam techniques with less background interference. Other
considerations included minimization of cross-contamination and elemental overlap between the
sample and its supporting substrate, and the substrate should be readily cleaned between samples
to enable reuse across different sample types for savings in terms of time, cost, and materials to
minimize waste. Lastly, a conductive holder ensures that the substrate does not impact the
determination of the elemental composition of nanoscale and larger zeolite-based materials while
also enabling electron conduction during SEM and EDS analyses.

Polished copper (Cu) stubs provide a conductive, planar substrate that satisfies the criteria
mentioned above. However, zeolite particles were observed to irreversibly adhere to the Cu/CuOx
film on the surfaces of the stub that develop spontaneously in air over time, due to the high surface
energy of these polished Cu substrates. Washing, sonication, and repolishing did not remove the
particles. With the aim of reusing the Cu stubs, an additional process was required to minimize

repolishing of the stub between samples and to extend the usable lifetime of these sample supports.
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A polymer film applied to the Cu stub would bypass the adhesive energy of the Cu stub,
and, ideally, would offer a reversible interaction between the zeolite materials and the substrate.
Cast polymer films lower the surface energy of metal substrates and can be used to mitigate the
adhesive interactions between various samples and metal substrates.?’*! Any film created would
also need to be sufficiently thin to avoid charge build-up on the sample materials during SEM and
EDS analyses. A method was developed here to spin coat a polymer film onto polished Cu stubs
through a process that enabled tuning of both the thickness and composition of these films. A film
thickness of ~1 um was empirically identified as a starting point based on prior reports for enabling
SEM analyses of materials supported on top of such films while reducing background
interferences.?**>?* Films cast from solutions containing suspensions of polymers tend to be less
robust as they can be displaced or otherwise removed from the substrate by the solvents
conveniently used in drop-casting of zeolite materials.?* However, polymers cast as a thin film
onto the substrate and then cross-linked can exhibit an increased stability when exposed to a wide
variety of solvents, while also retaining sufficient conductivity to minimize sample charging
during SEM and EDS analyses.?>?® We hypothesized that a polished Cu stub coated with an
experimentally generated thin film of a cross-linked polymer could be used as a reusable substrate
for enabling the characterization of non-conductive particles (e.g., silicates, ceramics), which was

demonstrated through the analysis of zeolite-based particles and other aluminosilicate materials.

2. Experimental Section

2.1 Overview of the Fabrication Process to Prepare the SU-8 Coated Cu Stubs
The step-by-step process of preparing the Cu stubs is depicted in the summary in Figure 1. The

total preparation time for this sequence is ~2 h per polymer coated Cu stub. The Cu stubs enabled
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direct insertion, without modification, into standard sample holders available for analysis by SEM
and EDS techniques. The polymer coated Cu stubs, with and without zeolite particles were able to
be analyzed by commercial scanning electron beam instruments. There was no other modification

or additional conductive coating (e.g., C or Ir film) applied.

Polish Spin Coat _

Figure 1. Images depicting select steps in the process of preparing a polished copper (Cu)
stub followed by spin coating and ultraviolet (UV) irradiation to create a thin film of cross-

linked SU-8 polymer onto which zeolite particles are then deposited through drop casting.

2.2 Reagents and Standards

The SU-8 2002 (photoresist), SU-8 thinner, and SU-8 developer were purchased from Micro-
Chem Laboratories Inc. (Seattle, WA, U.S.A.) to coat the copper (Cu) stubs supplied by Ted Pella
Inc. (Copper Mini Pin Stub for ZEISS/LEO with a 6.25 mm pin length, and a head with a 6.6 mm
diameter and 1.2 mm thickness; Redding, California, U.S.A.). Other polymers evaluated in this
study included polystyrene (Mw ~280k; Aldrich Chemical Company, Inc., Milwaukee, Wisconsin,
U.S.A.), poly(methyl methacrylate) (Mw ~15k; Sigma-Aldrich, Inc., St. Louis, Missouri, U.S.A.),
and poly(sodium 4-styrene-sulfonate) (Mw ~70k; Sigma-Aldrich, Inc., St. Louis, Missouri,
U.S.A.). Solutions of these polymers were created in toluene (>99.5% CMOS grade; Avantor
Performance Materials, Inc., Center Valley, Pennsylvania, U.S.A.), which were used to prepare a
series of thin polymer films. Reagent grade isopropanol (70% in H20), used for dispersing the
zeolite particles, was purchased from Sigma-Aldrich (Oakville, Ontario, Canada). Ultra-high

purity (UHP) water, having resistivity of 18.2 MQ-cm was obtained from a Barnstead MicroPure
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System, was used for removing zeolite particles from the polymer coated Cu stubs after completing
electron beam characterization of each set of particles. Three different zeolite standards,
ammonium ZSM-5 type samples, were purchased from ThermoFisher Scientific (Waltham,
Massachusetts, U.S.A). The manufacturer reported SiO2:Al203 mole ratios of these standards,
which are converted into Si:Al mole ratios as presented in Table 1 for ease of comparison to the
results of the analyses reported herein.

Table 1. Si:Al Molar Ratio of the ZSM-5 Zeolite Standards
Si:Al Molar Ratio Reported

Name of Zeolite

in the COA'
ZSM-5-11 11.1:1
ZSM-5-45 45:1
ZSM-5-161 161:1

TCertificate of Analysis (COA)

2.3 Polishing of the Cu Stubs

Manual polishing was used to reduce the nominal surface roughness to improve the
differentiation of zeolite particles from the support. Diamond film lapping sheets were used to
complete this task [Diamond Lapping Film Sheets with 30, 6, and 3 um grit were purchased from
Thorlabs (Newton, New Jersey, U.S.A.)]. A custom plastic holder was used to grip the Cu stubs
while the stubs were manually moved in a “figure eight” pattern upon the polishing sheets. This
polishing process was performed using each of the sheets in decreasing grit size until the visual
appearance of the stub (e.g., color and reflection) was unchanging. Between each polishing step,
the Cu stubs were cleaned by ultrasonication in UHP water for 2 min (Ultrasonic Cleaner,
BRANSONIC serial number RMC040844828F, 100 Watts), then rinsed with an excess of UHP
water, followed by drying under a stream of compressed, filtered nitrogen (N2) gas to remove

polishing residue. Additional polishing steps using a series of five diamond pastes of a sequentially



167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

smaller particle dimension, placed on Buehler Nylon pads (Buehler; Lake Bluff, IL, U.S.A.)
further smoothed the surface of the Cu stubs until a mirror finish was obtained. Scratches visible
only upon inspection with an optical microscope were present yet were assumed to not be
significant factors in precluding qualitative and quantitative interpretation of the data. The particle
dimensions in the diamond pastes were 1 pm and 0.5 um (Hyprez five star paste) supplied by
Engis Corporation (Wheeling, IL, U.S.A.) and 0.25 pm, 0.1 um, and 0.05 um (Polycrystalline
paste) supplied by Allied High Tech Products, Inc. (Compton, CA, U.S.A.). The Cu stubs were
polished against the series of polishing pads, each containing a unique diamond paste, changing
the pads in sequence of descending particle size. During each polish step, the Cu stubs were held
using a custom plastic holder and gentle pressure was applied by hand while moving the stub in a
“figure eight” pattern for 5 min on each pad. Polished stubs were rinsed with UHP water between
each of the polishing steps along with cleaning for 1 min by immersion in fresh UHP water in a
sonicator. This rinsing process was adopted to avoid cross contamination between polishing pastes.

2.4 Spin Coating of a Polymer Coating

A semi-permanent polymer coating was created by applying and then cross-linking a film of
SU-8 on the Cu stub. This polymer was selected as a target material to formulate a coating on the
Cu stubs for the relative stability of the SU-8 polymer under the focused electron beam of a SEM
and for its ability to be cross-linked for improved durability of the polymer film.2® The SU-8
monomer consists of an epoxy-based resin along with a photoinitiator suspended in an organic
solvent (e.g., cyclopentanone or gamma-butyrolactone). Triaryl sulfonium hexafluoroantimonate
salts that serve as the photoinitiator release a Lewis acid upon exposure to a sufficient dose of
ultraviolet (UV) light. This Lewis acid serves to catalyze cross-linkage of the epoxide functional

groups on the suspended SU-8 monomers. Both a pre- and post-UV-exposure bake are also
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normally included in the formation of an SU-8 polymer film.?” A pre-UV-exposure bake serves to
remove excess solvent, while a post-UV-exposure bake serves to increase the rate of cross-linkage
of the SU-8 monomers. A solution of SU-8 2002 monomers was diluted 10x with an SU-8 thinner
(a 20x dilution was also evaluated herein). Approximately 15 pL of the diluted solution was
applied using an adjustable pipettor to a stationary Cu stub. A spin coater (Brewer Science, Model
100, serial number 992040914652) was used for controlling the ramp rate, spin speed, and the
duration of each step in the spin coating process. The spin coater was programmed to increase its
speed at 500 rpm/s until achieving 2000 rpm, which was maintained for 90 s, and then the speed
decreased to 0 rpm. After spin coating the SU-8 2002 suspension of SU-8 monomers, the Cu stub
was then inserted into a pre-drilled hole on an Al plate, held at 95 °C, for a 90 s pre-UV-exposure
bake of the SU-8 film.

A microscope with a built-in mercury vapor UV lamp was used to trigger the polymerization
process for cross-linking of the spin coated SU-8 films (further details of the microscope are
outlined in section 2.6.1). The SU-8 film on the Cu stub was exposed to UV light for 20 s (UV A:
20.3 mW/cm?, UV B: 80.5 mW/cm?) with the microscope set to bright-field (BF) mode and a 2.5x
magnification. A red-light filter on the microscope was used to inspect the SU-8 film on the Cu
stub both before and after the UV exposure for uniformity of the polymer film. The polymer coated
Cu stub was again placed back onto the Al plate (T = 95 °C) for 3 min to perform a post exposure
bake, which is known to promote further cross-linking within polymer thin films. The cross-linked
film was subsequently rinsed with SU-8 developer solution (~3 to 5 mL) to remove polymer that
had not cross-linked. The developer was dispensed onto the polymer coating on the Cu stub using
a glass Pasteur pipette in a repetitive manner for a period of 1 min, and then the film was further

rinsed with isopropanol by immersing it in ~5 mL for 10 s. A stream of compressed, filtered N2

10
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gas was then used to dry the film. This process achieved a cross-linked polymer coating with a
thickness of ~1 um on the polished Cu stubs as determined by SEM analyses of cross-sections
prepared by mechanically removing a portion of these films. Prior to use, a qualitative assessment
of each polymer coating was conducted visually to ensure that the entire surface of the Cu stub
was covered and reflected light uniformly. A set of polymer-coated Cu stubs were prepared such
that each zeolite standard (Table 1) was placed on a different polymer coated stub.

2.5 Application of Zeolite to the Cu Stubs and Cleaning Procedure for Reuse of Stubs

The zeolite materials were applied by drop-casting from a suspension in isopropanol onto the
SU-8 coated Cu stubs. The protocol for sample preparation for SEM and EDS analyses involved
dispersing 0.5 mg of each zeolite particle standard (Table 1) in 2 mL isopropanol. For each
solution, 15 pL aliquots were pipetted onto the polymer coated Cu stubs. The isopropanol was
evaporated prior to any characterization. After analysis, the zeolite materials were removed from
the Cu stubs for re-use of the substrate. The zeolite materials were removed by simply submersing
each stub in a beaker containing 5 mL of UHP water, and then placing this beaker into an
ultrasonicator for 1 min. The stubs were subsequently rinsed with an excess of UHP water and
dried under a stream of compressed, filtered N2 gas.

2.6 Instrumentation

2.6.1 Optical Microscopy Modes
An optical microscope (Zeiss Axio Imager.M1m) was used for imaging the Cu stubs before

and after polishing, and throughout the polymer spin coating process to monitor the uniformity of
the coating on the Cu stub. Various magnifications (e.g., 25x, 50x, 200x) were used to image these

substrates. Imaging modes used to visualize the surfaces included dark-field (DF), bright-field
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(BF), differential interference contrast (DIC), and circular-DIC (C-DIC). The C-DIC and DIC
modes provided feedback on variations in the film topography across the surface of each stub.
2.6.2 SEM Parameters

A SEM (FEI/Aspex Explorer) was used in the analysis of the zeolite particles and for
further analysis of the topography of the unpolished and polished Cu stubs. This instrument was
equipped with an oil-free pumping system with a high vacuum imaging mode that enabled use of
a tungsten (W) filament emission source and either a secondary electron detector (SED) or back
scattered electron detector (BSED). The SED was operated at a 25 kV accelerating voltage applied
to the electron beam. An OmegaMax SDD EDS detector was used to analyze the elemental
composition, reported as relative weight percentages, of the samples. The EDS settings for these
analyses included integration of the measured signal over a 2 min period that enabled quantitative
determination of elemental weight percentages for Si and Al for each location imaged. An FEI
Helios SEM NanoLab 650 SEM/FIB dual beam system was also used for high resolution imaging
of the Cu stub surface pre- and post-polishing. This imaging was conducted in Secondary Electron
mode at an accelerating voltage of 5 kV and a beam current of 0.1 nA.

2.6.3 STEM Parameters

A scanning transmission electron microscope (STEM) (FEI Tecnai Osiris) operated with
an accelerating potential of 200 kV applied to the focused electron beam was used as a
complementary analysis of the zeolite particles. This instrument had an oil-free pumping system
with an X-FEG Schottky field emitter that provides a high emission of electrons. This instrument
was also equipped with an Analytical TWIN objective lens integrated with a Super-X EDS detector
system that is based on Silicon Drift Detector technology. Dimensions of the zeolite particles were

determined via TEM imaging techniques and maps of the elemental compositions of these particles
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were obtained via STEM techniques. Three to five separate particles were analyzed for each
sample by STEM techniques to have results from several particles to compare to the SEM analyses.

The protocol for sample preparation for STEM involved dispersing 0.5 mg of each zeolite
particle standard (Table 1) in 2 mL isopropanol. For each solution, 4 pL aliquots were pipetted
onto carbon coated Formvar 200 mesh copper TEM grids (purchased from Ted Pella Inc., Redding,
California, U.S.A.). The grids were handled using gold-plated TEM tweezers. These grids were

subsequently dried in a vacuum desiccator (~230 Torr) for 12 h before analysis.

3. Results and Discussion

3.1 Analyses of Zeolite Particles Supported on Carbon Tape

Double-sided C tape was applied to cover the entire surface of the Al stub exposed to the
electron beam. In assessing the C tape as a potential substrate, various areas of a section of tape
with visually different morphologies were analyzed using EDS. For each region, the EDS signal
was integrated over a singular point as well as over a larger area of the carbon tape. To improve
counting statistics for a determination of the weight percentage of an element in a sample, the
integration time was held at 2 min for both the point analyses and the selected larger areas (e.g.,
Figures S1 to S4). The signals for the selected different areas of the C tape yielded variations in
the weight percentages (wt%) of Si and Al, and attributable in part to observable inhomogeneity
in tape thickness. Different regions that were each loaded with a sample of zeolite particles were
also observed to generate large variation in the wt% of Si and Al, which supported the assumption
that the tape itself contained silica and alumina contamination.?®* A lack of consistent and
reproducible results, as described above, indicated that another method was required for supporting

zeolite particles to measure their elemental composition using EDS techniques more reliably.
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3.2 Screening of Polymer Coatings on Cu Stubs: Optical Microscopy Analyses
In turning attention from strategies to suppress signals from the underlying sample support,

stubs made of Cu were investigated. In the initial experiments with Cu stubs, it was observed that

Figure 2. Optical microscopy images of (a) the Cu stub before polishing, (b) the Cu stub after
polishing, and (c) a magnified view of a scratch on the surfaces of a Cu stub. All images [(a),

(b), (c)] were obtained at a magnification of 200x while using the brightfield (BF) imaging mode.

polishing to create a smooth planar substrate was needed because the initial topography on each
of the stubs had visible variations that were significantly greater than the dimensions of the zeolite
particles. Representative images of the copper stubs, acquired using an optical microscope before
and after polishing, are in Figure 2. The polishing step resulted in a significant change in the
topography and surface roughness of the stubs. However, scratches observable at magnification
remained on the polished surfaces of the Cu stub [Figure 2(c)]. The extent of the scratches on the
copper stubs was assessed by optical microscopy using BF and DF imaging modes, which guided
further refinements to the steps used for processing the Cu stubs (Figure S5). Additional analyses
of the unpolished and polished Cu stubs were pursued by SEM analyses, which confirmed the
coarse topography of the as-received stubs versus the comparative smoothness after polishing
(Figures S6 and S7). Unfortunately, removal of zeolite samples from the Cu stub required

extensive, time intensive polishing.
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In further exploration of the Cu stubs as supports, polymer films generated by spin coating
were evaluated as a reusable substrate for the analysis and subsequent removal of the zeolite
particles. Using a series of polished Cu stubs, various polymer solutions were spin cast onto a
series of individual stubs. Two types of polymers were evaluated for this purpose—both non-cross-
linked polymer films that were used as cast onto the Cu stubs, and polymer films similarly
generated that were subsequently cross-linked on the Cu stubs. Each film was assessed for its
uniformity, its stability during removal of zeolite particles, and its reuse in subsequent analysis of
additional zeolite particles. The polymer coatings were first evaluated for their ability to create a
smooth surface atop the polished Cu stubs, and to remain unchanged under interrogation with the
focused electron beam of the SEM across different samples loaded onto the stub. Past studies have
identified a series of polymers that can form uniform coatings on polished Si wafers, which have
been shown to produce relatively smooth topographies, as well as to be sufficiently electrically
conductive for SEM imaging.?*3%-** In addition, in this work, it was noted that zeolite particles
when deposited on a polymer film were readily observable and distinct from topological features
remaining on a stub after polishing.

Non-cross-linked polymers were evaluated for their use as protective coatings on the Cu stubs
while retaining sufficient conductivity during the SEM analysis of the zeolite particles cast upon
their surfaces. The solutions of polymers that were evaluated for coating the Cu stubs included a
2% (wt/v) polystyrene in toluene, 2% (wt/v) poly (sodium-4-styrenesulfonate) in water, and 2%
(wt/v) poly (methyl methacrylate) in toluene. The selection of solvents and the weight percentage
of polymers used to prepare these solutions were optimized based on their ability to form thin,
uniform films with an expected thickness of <1 um on polished Si wafers. These polymer solutions

were subsequently applied to a series of polished Cu stubs, then spin coated as outlined in Section
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2.4, except that for these solutions a ramp speed of 100 rpm/s was used to reach a target speed of
2000 rpm that was maintained for 30 s. The polymer coated Cu stubs were then placed into
reservoirs on an Al plate that had been placed on a hot plate at 180 °C and held at this temperature
for 10 min (the higher temperature than outlined in Section 2.4 was designed to remove residual
toluene from these non-cross-linked polymer films). The stubs were next transferred to another Al
plate to cool to room temperature before observing them under the optical microscope (e.g.,
Figures S8 to S10).

When characterizing the coatings cast from solutions of polymers as observed by optical
microscopy, the uniformity of each coating was assessed by the regularity of its appearance under
BF, DF, and DIC imaging. The use of DIC imaging enabled an assessment of variations in height
(Figure S5) of <50 nm across the samples.>* In representative images (Figures S8 to S10), these
trial studies produced relatively uneven films having surface irregularity and roughness on the Cu
stubs. These features suggested the formation of domains within the cast films attributed to
variation in wetting of the stubs by the solvents and polymer and hence precipitation, and residual
roughness of the polished Cu stub. On these films, zeolite particles with average dimensions of
~1.8 um were difficult to differentiate from the coating. Also, rinsing of these non-cross-linked
polymer coatings in a solvent with manual agitation did not remove the zeolite particles from the
polymer coated substrates. Sonication of the polymer coated Cu stubs conducted in UHP water for
I min removed the zeolite particles from the polymer coatings as confirmed at higher
magnifications, but that sonication step also effected partial removal of the film. These results
collectively indicated that coatings prepared from non-cross-linked polymer films were not
sufficiently durable to withstand the necessary cleaning step using ultrasonication to remove the

zeolite particles for reuse of these stubs.
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Figure 3. Optical microscopy images obtained using a circular differential interference contrast
(C-DIC) imaging mode of (a) the Cu stub after coating with a 20x diluted SU-8 2002 solution; (b)
the Cu stub after coating with a 10x diluted SU-8 2002 solution; (c¢) an example of a distribution
of zeolite particles exhibiting the “coffee-ring effect” on a thinner film of SU-8 polymer; and (d)

zeolite particles more evenly dispersed upon a thicker SU-8 polymer coating.

A series of cross-linked polymer films were prepared from an SU-8 monomer, which is a
commercially available, chemically and physically durable negative photoresist. Solutions of SU-
8 monomer were cast onto the Cu stubs, which were cross-linked using UV irradiation followed
by a thermal treatment. Two different solutions prepared from 10x and 20x dilutions of a

commercial source of SU-8 monomers, were selected for their ease of coating a variety of

17



348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

substrates of varying roughness. These polymer solutions were applied to Cu stubs, spin coated,
and cross-linked following UV irradiation and a thermal treatment as outlined in Section 2.4. The
20x diluted suspension, targeting a final film thickness of <1 um if applied to an atomically smooth
substrate,?® was observed by optical microscopy to not create a uniform film. In comparison, the
10x diluted suspension appeared to create a more uniform film as assessed using optical
microscopy (Figure 3).

Zeolite particles dispersed in isopropanol were drop cast onto the polymer coatings. Zeolite
particles deposited onto the film generated using the 20x dilution of the SU-8 monomer were
observed around the edge of the stub, likely due to the “coffee—ring” effect.>-* This effect occurs
when capillary flow causes suspended solids to move towards the edges of the substrate where
local solvent evaporation causes zeolite particles to accumulate.>

If the solvent fraction of a suspension of SU-8 monomers is not well matched to the surface it
is being applied to, as in the case of the 20x diluted solution of SU-8 monomers, irregular wetting
of the polished Cu substrate can occur during spin coating. As mentioned previously, the polished
Cu stub has texture that was not removed by polishing (Figure S7), and that can contribute to the
formation of a coating having an irregular texture, especially if the cast film is of an insufficient
thickness to cover the remaining features on the Cu stub. As a result, the isopropanol solution
containing the zeolite particles cast upon a polymer substrate having a non-uniform texture and
potentially regions of exposed Cu stub, may have led to differential isopropanol evaporation rates
at different areas of the stub, leading to an inhomogeneous distribution of zeolite particles.?’
Conversely, when using the thicker polymer films prepared from the 10x dilution of SU-8
monomers, the zeolite particles deposited in a more even distribution across the Cu stub. This

suggests the spin coating of the 10x diluted solution of SU-8 monomers had significantly less
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irregularity in its coverage of the Cu stub relative to that for the 20x diluted solution of SU-8
monomers. Prior work has suggested that an even distribution of particles across a substrate is
largely the result of a uniform evaporation of the solvent across a surface.>>° These observations
suggested the 10x dilution of SU-8 monomers was preferable. Thus, the 10x dilution of SU-8

monomer solution was selected to prepare the SU-8 polymer coatings for further studies.
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3.3 Analysis of the Polymer Coated Cu Stubs and Zeolite Particles by SEM and EDS

4w = unpolished - . polished

™ 75M-5 on SU-8

Figure 4. Representative scanning electron microscopy (SEM) images of: (a) as-purchased,
unpolished Cu stub; (b) polished Cu stub; (c¢) Cu stub coated with a film of SU-8 based polymer
after cross-linking by ultraviolet (UV) irradiation; and (d) ZSM-5-161 particles deposited on a
polished Cu stub coated with a film of SU-8 based polymer (inset shows a magnified view of

ZSM-5-161 particles).

The Cu stubs were analyzed by SEM techniques before and after the polishing process, after

coating these substrates with a cross-linked SU-8 polymer film, and after applying the zeolite
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particles (Figure 4). Polishing resulted in a significantly smoother surface with only minor surface
defects [Figures 4(b) and S7]. Some of the observed surface defects were determined via EDS to
be carbon particles that possibly remained on the substrates because of the polishing process (e.g.,
diamond paste residue) and, therefore, would not interfere with the elemental analysis of the zeolite

materials. Figure 4(c) shows a representative SEM image of a Cu stub coated with a polymer film.

Figure 5. A series of SEM images obtained using a secondary electron detector (SED) during the
analysis of ZSM-5 zeolite particles deposited onto a film of cross-linked SU-8 polymer supported
on polished Cu stubs. These particles were reported to contain Si:Al in nominal mole ratios of (a)
11:1, (b) 45:1, and (c) 161:1.

There were a couple of regions of non-uniformity in the polymer coating that were centered on
carbon particles that were present on the polished surfaces (e.g., residue resulting from the
polishing step). As mentioned in Section 3.2, when zeolite particles dispersed in isopropanol were
drop-cast onto the polymer coated stubs, the particles were evenly dispersed across the stub.

Despite observable variations in the thickness of the polymer coating, the wetting by the solution
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of zeolite particles was dictated by the properties of the SU-8 based polymer. After solvent

evaporation, the particles adhered to the polymer coating, as evidenced by subsequent SEM and

EDS results for the three zeolite particle standards. No indication of charging was observed in

these samples supported upon the SU-8 coatings. Representative images of each of the standard

zeolite particles, heavily loaded, on the polymer coatings are presented in Figure 5.
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Figure 6. Representative EDS spectra obtained by SEM techniques for standard ZSM-5 zeolite

particles with reported Si:Al mole ratios of (a) 161:1, (b) 45:1, and (c) 11:1.

Zeolite particles at several different locations of the zeolite-loaded stub were analyzed to

understand variations in the inter-particle composition, and what contributions from impurities in
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the sample or from the sample support (e.g., Cu stub and/or the polymer coating) cause
interferences. The EDS spectra of the polymer coated Cu stubs revealed that Cu signatures were
observed even with the cross-linked polymer coating (Figure 6). The Cu signals were not included
in the calculations to determine the Si:Al mole ratio for each of the particles. The wt% used to
calculate the at% of the various elements in each of the zeolite particle standards was obtained
through the software for the SEM by integrating the respective peaks in the corresponding EDS
spectra. In contrast, the peak area ratios calculated for each type of zeolite standard after removing
the Bremsstrahlung and other background contribution appeared to give a more linear response
(Table 2). The EDS data shows that the relative at% of O remained relatively constant between
the samples. The at% of Cu varied between the samples, likely due to changes in the loading and
size of the zeolite particles being analyzed (e.g., influencing the relative attenuation of the incident
electron beam). Incorporation of a zeolite particle size factor in measurements of the Cu signals
could be investigated in the future for potential use as an internal standard. Furthermore, since the
Cu stub and SU-8 based polymer coating each contribute to the at% of O, in addition to the
contributions from the zeolite particles, it was determined that O could not be quantified.
Quantitative analysis was restricted to the Al and Si abundances in the samples.

The Si:Al molar ratios for each of the zeolite particle standards as determined by two
separate methods are reported in Table 2. The Al at%, as calculated from the wt% reported by the
EDS software, decreased relative to the at% of Si in accordance with the data reported by the
supplier for this series of ZSM-5 zeolite standards. The Si:Al molar ratios determined from these
at% values were, however, significantly lower than the molar ratios reported for each standard
(Table 2). The trend observed for the Si:Al ratios derived from the at% of both Si and Al was also

non-linear. A linear correlation was, however, found when manually integrating the peak areas for
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both the Al and Si species and comparing their peak area ratios to the reported mole ratios for these
three ZSM-5 zeolite standards (Figure S11). A linear correlation is expected for EDS analyses
performed by SEM techniques. It should, however, be noted that the specific correlation derived
herein will likely vary with instrument conditions (e.g., changes to accelerating potential of
incident electrons and detector specific sensitivity factors). It is recommended that another form
of validation be used to confirm the trends observed within and between each of the distinct
standard samples (e.g., analysis by X-ray photoelectron spectroscopy). The observations from the
analysis of the zeolite standards did indicate that SEM and EDS results for samples supported on
polymer coated Cu stubs could be used as a quantitative tool to determine the elements that are
present within these particles without any background interference from Si or Al within the sample
support.

Table 2. Measured Atomic Percentages and Peak Area Ratios for the Standard Zeolite Particles

Reported Si:Al . Si:Al from EDS Si:Al from EDS
b Ratio Si (at%) Al (at%) Atomic % Ratiot Peak Area Ratiot
11.1:1 12.7-14.4 1.5-1.8 8:1to 8.5:1 9.7:1
45:1 7.4 -28.1 0.33-0.38 21:1 to 22:1 14:1 to 15:1
161:1 8.9-9.6 0.22 -0.29 33:1to 40:1 26:1t027:1

T Uncorrected atomic percents as determined from weight percentages reported by EDS analyses software.

! Peak areas determined after background subtraction and a manual integration of both the Si Ko and Al Ko peaks.
This peak area ratio exhibits a linear correlation to the reported mole ratios (Figure S11).

3.4 Analysis of Zeolite Particles by TEM Techniques

Isolated particles for each zeolite standard were imaged using TEM techniques. These analyses
indicated the presence of fewer particles with rounded edges in the 11:1 standard, and a gradual
increase in the presence of particles with rounded edges in the 45:1 to the 161:1 ZSM-5 zeolite
standards (Figure 7).! The morphology of the particles as observed by TEM imaging is in general

agreement with the data provided using SEM imaging of the samples. This change in morphology
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is consistent with a higher Si content in the zeolite materials because of its influence on the atomic

structure of these mesoporous materials. !
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Figure 7. Scanning transmission electron microscopy (STEM) based high-angle annular dark
field (HAADF) images of standard zeolite particles reported to contain Si:Al ratios of (a) 11:1,

(b) 45:1, and (c) 161:1.

Lastly, the elemental distributions across individual particles, plotted as heat maps, were
measured for the particle standards by EDS using TEM techniques to further characterize the
relative distribution and abundance of Si, Al, and O within the standards. For the particle depicted
in Figure 7c, the heat maps depicting spatial variations in the elemental compositions of the 161:1
standard are presented in Figure 8. This analysis also provided further confirmation that Si was the
major component in the ZSM-5 zeolites in comparison to Al, as expected for the ZSM-5
zeolite.***! Similar heat maps obtained through the EDS analysis using TEM techniques for the
45:1 and 11:1 ZSM-5 zeolite standards (Figure 7a and 7b, respectively) are provided in Figures

S12 and S13, respectively.
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Figure 8. Elemental distributions depicted as heat maps for (a) Si, (b) Al, and (¢) O as
obtained by TEM based EDS analyses of'a 161:1 (Si:Al) standard zeolite particle. The colors
in these maps indicate the relative abundance of the elements with higher concentrations
indicated by red and lower concentrations by blue as indicated in the vertical scale bar. Zeolite

particles were drop cast onto a copper TEM grid.

3.5 Analysis of the Reusability of the Polymer Coated Cu Stubs

It was found that the SU-8 polymer coated Cu stubs could be reused after removing the
previous zeolite sample using sonication in UHP water for 1 min. This process of removing the
particles could, however, impact the quality of the polymer coating because of the mechanical
agitation and heating induced by cavitation during the sonication period.*? In this study, it was
observed that the polymer coated Cu stub could be reused for the analysis of up to approximately
ten different samples without a negative impact on the coating from the sonication process. Further
reuse the SU-8 polymer coated Cu stub resulted in observably increased adhesion of particles at
the perimeter of the polymer coated Cu stub following the drop-casting process, and
simultaneously, decreased integrity of the film proximal to the perimeter of the stub. The latter
was attributed to the sonication process (Figure 9). In support of those observations, the relative
intensity of the Cu signal as observed by EDS analysis started to rapidly increase and the film

quality as observed by SEM imaging decreased with each re-use of the cross-linked SU-8 polymer
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coated stub. Figure 9 demonstrates the copper signal observed by EDS for an uncoated copper
stub, a copper stub freshly coated with SU-8, and the same stub after different stages of use in the
analysis of zeolite particles. The EDS spectra in this figure shows that the Cu signal increases with
repeated use of the polymer coated Cu stub using the sonication method to remove the zeolite
particles. The results also indicated that the elemental composition of the zeolite particles could
no longer be precisely determined with repeated exposure of the cross-linked SU-8 coating after
approximately ten sonication cleaning events because of incomplete removal of zeolites from the
prior trial, and thus, sample to sample cross-contamination taking place. It was, therefore,
determined herein that <10 uses were an empirical maximum number of times the coating
generated using the SU-8 based polymer should be reused, both with respect to irreversible
adherence and inaccuracy of the elemental analysis of the zeolite particles. When replicating this
work, the quality of these polymer coatings should be monitored by SEM to ensure minimal Cu is
exposed since it requires more extensive cleaning (e.g., polishing) to ensure prior samples are
removed. The procedures reported herein significantly improve sample to sample characterization
using the same stub, with an overall decrease in the time needed for sample preparation when
considered across multiple samples. Further improvements in the resilience of the polymer coating
could be possible through further optimization of cross-linked polymer coatings on the Cu stubs

(e.g., replacing SU-8 with another type of polymer).
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Figure 9. Representative plots of the EDS analyses of an SU-8 based polymer coated Cu stub used

as a support for zeolite particles with corresponding SEM image inlays, depicting the polished Cu
stub: (a) before it was coated with an SU-8 based polymer; (b) after it was coated with a cross-
linked SU-8 film (i.e., “freshly coated”); and (c-e) after 1, 5, and 10 repetitions (i.e., uses) of a
process of drop casting of ZSM-5 zeolite particles onto the stub and the subsequent removal of
these particles (cleaning) by sonication, meant to demonstrate the reusability of these SU-8 based

polymer coated Cu stubs.
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Conclusions

It was demonstrated that a coating of cross-linked SU-8 on polished copper (Cu) stubs
enabled the SEM and EDS analysis of ZSM-5 zeolite particles, specifically the Si and Al relative
abundance in a particle. The process adopted to prepare the polymer coated stub enabled these
analyses without interference from background Si or Al signals that are otherwise present in
commonly used support materials during SEM sample preparation and analysis. The polymer
coated Cu stubs were shown to be reusable for different samples up to nine times before the
degradation of the polymer film was severe enough that complete removal of zeolite particles after
characterization was not feasible. The degradation of the polymer film was attributed to the
sonication step used to remove the previous sample material prior to re-using the polymer coated
stub. The polymer coated Cu stub enabled an accurate determination of the shape, size, and Si:Al
composition of the ZSM-5 zeolite particles and, therefore, no noticeable charging of the zeolite
particles during electron beam characterization using SEM-based EDS analyses. These substrates
could find applicability for the analysis of other Si and Al containing materials, as well as other

types of non-conductive particles.
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