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On-Tip Polymerization Method for Multimodal
Characterization of Nanoparticles with Electron/Ion
Imaging and Atom Probe Tomography

Aristide Djoulde, Anup Sharma, Alfred Bekoe Appiagyei, Levi Tegg, Yang Liu, Lian Zhang,
Julie M. Cairney, Yunlong Tang, and Jing Fu*

This work presents a novel method for exploring the structures and chemistry
of nanoparticles (NPs), addressing challenges in multimodal and correlative
microscopy analysis. The proposed method utilizes a “needle-eye” design,
featuring a through-microchannel fabricated at the needle tip. The
microchannel and its surface are tuned via focused ion beam (FIB) milling and
plasma treatment, enabling NPs dispersed in a resin precursor to be confined
in the microchannel due to a pressure gradient upon immersion. The retained
suspension is promptly polymerized in situ on the tip and shaped by FIB
milling into specific geometries, including but not limited to a micropillar,
lamella, and nanoneedle. Here, to demonstrate its applicability, a mixed metal
oxide catalyst prepared by the needle-eye approach is characterized with
energy-dispersive X-ray spectroscopy (EDX), FIB secondary ion mass
spectrometry (FIB-SIMS), (scanning) transmission electron microscopy
((S)TEM), and atom probe tomography (APT). The results validate the ability
of the method to achieve multimodal, combining correlative and
complementary high-resolution structural and chemical imaging of
individuals and clustered NPs. The proposed method confines picoliter-scale
samples (6–60 pL) at a tip, eliminating lift-out and microtomy while enabling
comprehensive analysis via combined microscopy techniques.

1. Introduction

Nanomaterials, particularly nanoparticles (NPs), are a major re-
search focus due to their unique physical and chemical properties

A. Djoulde, A. Sharma, Y. Tang, J. Fu
Department of Mechanical and Aerospace Engineering
Monash University
Clayton, Victoria 3800, Australia
E-mail: jing.fu@monash.edu

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smtd.202500622

© 2025 The Author(s). Small Methods published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are
made.

DOI: 10.1002/smtd.202500622

and expanding applications in solar en-
ergy conversion, catalysis, drug delivery,
imaging, environmental remediation,
and medical uses[1] Typically synthesized
as powders or in a liquid medium, they
exhibit local compositional and struc-
tural variations from single nanometers
down to smaller molecules and are
classified based on their shape into
zero-dimensional (0D), one-dimensional
(1D), two-dimentional (2D), or three-
dimensional (3D) structures.[2] Deter-
mining their structure and chemical
composition in two or three dimensions
(2/3D), ideally at the single-particle level
and in their native state, is essential
for assessing stability, understand-
ing structure-function relationships,
and ensuring effective applications.[3]

Numerous characterization tools with
different spatial resolutions are available
to assess detailed high-resolution infor-
mation for NPs.Methods such as focused
ion beam-scanning electron microscopy
(FIB-SEM) and (scanning) transmission
electron microscopy ((S)TEM), paired

with spectroscopic techniques such as energy-dispersive X-ray
spectroscopy (EDX) and electron energy loss spectroscopy (EELS)
provide high-resolution (≈1 nm for FIB/SEM and less than 0.1
nm for (S)TEM) structural information and elemental analysis.[4]
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Secondary ion mass spectrometry (SIMS) imaging methods also
facilitate characterization at resolutions between tens to hun-
dreds of nanometers, making them effective for analyzing indi-
vidual nanomaterials.[5] The generated 2D information can be
further extended to 3D by acquiring a series of micrographs to
construct an object in 3D, namely tomography.[6] In addition,
atom probe tomography (APT) can offer 3D imaging of nano-
materials with exceptional compositional sensitivity at the atomic
scale.[7] It has recently become a popular technology for reliable
quantitative chemical information analysis of single nanosized
objects, and it allows for comprehensive 3D morphological and
compositional analysis at the near-atomic level when correlated
with (S)TEM.[8]

All the above-listed techniques require meticulous sample
preparation.[9] To date, several methods have been proposed: 1)
NPs are absorbed onto an TEM grid support film, stained with
heavy metal, and dried for TEM imaging;[10] 2) NPs are coated
on an appropriate substrate via dip coating, spin coating or drop-
casting; or embedded in a matrix such as resin, metal. Subse-
quent FIB milling is routinely used for site-specific thinning
from the large substrate, lift-out, and transfer to a half-grid or post
using a manipulator for analysis.[11] Final FIB milling is used to
prepare geometries like thin film (lamella) for (S)TEM, or a sharp
needle specimen for correlative APT and (S)TEM analysis.[12]

3) Ultramicrotomy offers an alternative by producing thin sec-
tions (<100 nm) without requiring any FIB milling.[13] 4) For
soft or electron-beam-sensitive materials, cryogenic preparation
is adopted to solidify the specimen, requiring specialized equip-
ment and multiple detail-centered steps such as rapid freezing,
cryo-ultramicrotomy, and cryo-FIB milling before analysis.[14] 5)
Direct liquid-phase imaging is another option, involving NPs
dispersion sandwiched between two thin electron-transparent
SiN window membranes or encapsulated in specialized con-
tainers that maintain vacuum compatibility needed for electron
microscopes.[15] While effective and commonly used, thesemeth-
ods are often time-intensive, require expertise, and limit multi-
modal accessibility and correlative analysis. There is a pressing
need to streamline existing processes or develop a novel, adapt-
able alternative that can accommodate various nanomaterials,
facilitating multimodal and correlative analyses across different
high-resolution techniques.
Recently, a handful of methods have been proposed to address

the above-mentioned challenges. Thesemethods include the pro-
duction of microtip coupons, half-grids with laser processing,[16]

in situ SEM micro-nanomanipulation for direct pick-up and
placement,[17] and preparation by (di)electrophoresis, which em-
ploys conductive sharp needles to attract charged particles in
a medium.[18] Other methods focus on trapping nanomaterials
in liquid suspensions, such as graphene encapsulation,[19] and
rapid vitrification of substrates (copper or gold TEM grid) with
pipetted liquid specimens.[14] While these methods are innova-
tive, they often suffer from limited reproducibility and low re-
peatability, highlighting the need for more reliable and standard-
ized methods.
Liquid trapping with needle substrates shows great promise

as a simple and effective method for preparing NPs. Early stud-
ies explored methods such as dipping open-capillary grooves or
nanopores on substrates, leveraging capillary force to naturally
drive the fluid into the capillary geometry without any external

power.[20] However, challenges such as inefficient volume con-
trol, poor liquid retention, rapid evaporation, and large droplet
formation around the needle tip complicate volume control and
limit their applicability. Closed microchannels provide a good
candidate formore reliable flow dynamics and volume control.[21]

Additionally, these methods have primarily been restricted to
water-based analyses through vitrification and suffer from crys-
talline ice formation during preparation.[22] To address these lim-
itations, we sought to develop a robust, repeatable, and versatile
method.
In this study, we explore a method, namely Needle-Eye Mi-

crotrap (NEM), which employs a needle substrate featuring an
eye design (through-microchannel of rectangular cross-section)
at the tip to retain a liquid specimen and promptly solidify it for
analysis. Specifically, we showcase the capability of themethod to
retainNPs dispersed in resin precursor and polymerize in the eye
design for room-temperature high-resolution studies. A detailed
overview of the proposed sample preparationmethod is schemat-
ically illustrated in Figure 1. The process involves four key steps:
(step 1) fabricating a needle-eye design (closed-microchannel)
on a needle tip, and modifying the needle surface using plasma
cleaning to remove the oxide layer and improve the hydrophilic-
ity of the needle walls; (step 2) immersing the prepared needle in
the resin precursor with suspended NPs and using a low vacuum
pump to facilitate air bubbles removal and complete microchan-
nel filling. Optional pre-analysis of the confined liquid can then
be performed using optical microscopy; (step 3) On-tip polymer-
ization of the resin-embedded NPs on the needle tip: The con-
fined specimen is polymerized on the tip in situ for room temper-
ature using an oven at 70 °C; and; (step 4) FIBmilling to produce
final geometries directly on the needle tip such as micropillar,
lamella and nanoneedle suitable for advanced 2D/3D character-
ization techniques. We demonstrate that the presented method
effectively preserves NPs while providing detailed insights into
their composition and structure. In particular, we showcase its
application to a broad range of characterization of the heteroge-
neous catalyst using high-resolution multimodal investigations,
spanning SEM, EDX, FIB-SIMS, (S)TEM, and APT.

2. Results

2.1. On-Tip Polymerization of Resin-Embedded Catalyst
Nanoparticles

A Fe-rich spinel nano-sized catalyst was chosen to demonstrate
the proposed method. The catalyst consists of six metal oxides,
with an elemental composition of 61.2% Fe, 25.8% Mg, 9.3% Al,
2.8% Ca, 0.5%Mn and 0.3% Ti. The average particle size is≈51.5
± 2.4 nm, as detailed elsewhere.[23] These NPs were prepared fol-
lowing the step-by-step procedure detailed in Figure 1, to enable
their high-resolution characterization.
Figure 2a shows the as-purchased needle tip, and the cor-

responding needle-eye design (Figure 2b), which features a
through-microchannel of ≈60 000 μm3 in volume, created via
Ga+ FIB milling. The milling pattern was centered within the
needle tip (Figure 2a), leaving a ≈10 μm spacing to the needle
edge to prevent premature damage or deformation during the liq-
uid collection process. Following the microchannel fabrication,
the needle underwent oxygen plasma surface modification and
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Figure 1. Detailed overview of the proposed Needle-Eye Microtrap (NEM) technique which enables on-tip polymerization for multimodal characteriza-
tion of NPs.

was immersed in a resin precursor containing suspended Fe-
rich spinel catalyst to enable through-microchannel filling. Sub-
sequently, a low vacuum chamber at room temperature was used
to assist in removing air bubbles, after which the needle was re-
tracted for optical imaging.
Figure 2d shows the optical transmitted and reflected light mi-

crographs, which clearly show the confined liquid in the needle-
eye (green boxes) and identifiable particle agglomerations (no-
tably seen in the transmitted light image). We speculate that the
filling process is governed by the interplay of a number of fac-
tors such as the energy barrier, capillary pressures, gravity, and
external forces.[20,24] As illustrated in the vertical cross-sectional
views in Figure 2c, when the needle is immersed in the liquid
suspension, the microchannel is completely soaked, with both
ends in contact with the liquid. The capillary pressures, Pc, at
the air-liquid interface within the channel drive the liquid in-
side, allowing the liquid to spontaneously fill the channel, and
a picoliter-sized volume of the suspension is confined. In the

next stage, upon transfer to the vacuum chamber, the external
pressure falls below the air bubble’s internal pressure, creating
a driving pressure gradient ΔP. Under this ΔP, the air bubbles
either diffuse or are expelled. And as the needle is retracted, pres-
sures at P1 and P2 at the air-liquid interfaces due to surface ten-
sion generate compressive forces that keep the liquid specimen
within the microchannel. In addition, strong adhesion of the
liquid to the needle’s walls helps overcome any imbalance that
might otherwise lead to loss of the liquid. This is evidenced by
the optical light micrographs in Figure 2d. As the specimen is
confirmed within the channel, the needle can be directly placed
in the vacuum oven for polymerization. However, to prevent ini-
tial evaporation of the retained specimen before polymerization,
the needles were immersed in the resin-based suspension and
placed in an oven at 70 °C. After 5–7 min of partial polymeriza-
tion, the needles were carefully removed from the partially hard-
ened resin, followed by a complete polymerization step (8–24 h)
to enable high-vacuum room-temperature electron microscopy
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Figure 2. The proposedNEM enabled catalysts NPs suspended in resin precursor to be confined in the needle-eye design and subsequently polymerized.
a-b) Representative SEM images of the W needle tip before (a) and after “eye” (b) fabrication. A rectangular FIB milling pattern of w (20 μm) × h (50
μm) is placed at the W needle tip with a spacing of ≈10 μm with the needle edge to remove material, resulting in an eye (through-microchannel). c)
Cross-sectional views of the microchannel filling process during immersion, where capillary pressures Pc due to surface tensions drive the liquid into the
channel; and once retracted, a liquid is retained, a consequence of the balance between pressures P1 and P2 at the air–liquid interfaces compressing the
fluid within the channel. d) Optical investigation: Transmitted and reflected light microscope images of the retracted needle. Specimen confinement is
well evidenced (green boxes), confirming the retention of the resin precursor in the microchannel. e) SEM image of the as-polymerized resin-embedded
NPs within the microchannel, and f) SEM image after a FIB rough cut to expose the resin.
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Figure 3. Fabrication of geometries on the needle tip suitable for high-resolution analysis of NPs. a) Representative SEM micrographs showing steps
in the fabrication of the lamella, resulting in a thin film with a thickness of less than 100 nm. The yellow rectangle on the initially exposed resin surface
indicates a typical region selected for Pt layer deposition, while the red semi-circles mark the areas targeted for FIB milling. b) SEM micrograph of
micropillar fabrication. The blue dotted circle denotes the region chosen for annular milling, resulting in a 30 μmmicropillar. c) SEMmicrograph of APT
tip fabrication with a diameter of less than 100 nm. The green dotted circle denotes the region chosen for Pt layer protection and annular milling.

imaging. Figure 2e,f SEM micrographs show the needle after
resin polymerization and a FIB cross-section revealing the inte-
rior structure of the same needle sample. The images confirm
the channel is filled with resin-embedded NPs at the tip. A total
of 4 samples (n = 4) were prepared following the proposed exper-
imental procedure with micrographs in Figure S1, Supporting
Information.

2.2. FIB Milling of Designed Geometries on Needle-Tip

The following step in the proposed sample preparation work-
flow (Figure 1 (step 4)) involves site specific machining on the
polymerized specimen on tip. Upon inspection of the resin sur-
face, distinct high-contrast regions were observed, strongly indi-
cating the presence of NPs. TheNPs tested in this study primarily

formed clusters, which are expected given their magnetic nature,
leading to aggregation within the resinmatrix. Consequently, site
specific FIB milling is feasible in NP-rich regions.
FIB milling strategies, as presented in the experimental sec-

tion, were implemented. In this work, geometries including
(S)TEM lamella, micropillar, and APT tips were selected for
their compatibility with different high-resolution characteriza-
tion techniques. Figure 3a shows the prepared lamella of ≈100
nm,measured in themiddle region of the suspendedmembrane.
To protect the region of interest (ROI) during FIB milling, a thin
platinum (Pt) layer was deposited over an initial area of 4 μm ×
150 μm using both electron beam (400 nm thick) and ion beam
(250 nm thick) deposition. Subsequently, serial FIBmillingswere
performed to cut two trenches, one on each side of the pro-
tected region, leaving behind a thin, electron-transparent lamella.
The lamella remained supported by the W bulk material on two
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opposite sides. The step-by-stepmicrographs illustrating this fab-
rication process are provided in Figure S2, Supporting Informa-
tion.
Figure 3b shows the fabricatedmicropillar, produced in an area

with visible NPs identified by SEM using FIB annular milling.
The micropillar had an aspect ratio of 0.9:1 and a target diameter
of 30 μm, selected to balance milling time and ion current.
Figure 3c shows an APT tip of ≈100 nm in diameter was also

produced with the sequential milling steps shown in Figure S3,
Supporting Information. All the fabricated APT tips after final
fine milling were acceptable at this stage and had the NPs posi-
tioned in the final shapes and were confirmed in STEM images
(Figure S4, Supporting Information).

2.3. Structural and Chemical Characterization of Nanoparticles

2.3.1. Correlative EDX and FIB-SIMS for Detection and
Identification of Resin-Embedded NPs

EDX and FIB-SIMSmeasurements were performed to obtain de-
tailed information on the chemistry of resin-embedded NPs poly-
merized on needle tips. The needle featuring a fabricated mi-
cropillar (Figure 3b) was selected for these measurements.
Figure 4a shows the SEM micrograph of the FIB-exposed top

surface of themicropillar, highlighting the ROI analyzed by EDX,
marked by a white box. The corresponding EDX spectra and the
quantitative analysis of atomic and weight percentage compo-
sitions are provided in Supporting Information (Figure S5 and
Table S2, Supporting Information), including EDX data of the as-
received NPs. The spectra are predominantly characterized by a
strong C signal, alongside other characteristic elements, includ-
ing O, Mg, Al, Fe, and trace amounts of Ca, with the elemen-
tal mapping displayed in Figure 4b. These elements were pri-
marily detected in regions containing NPs, while the C signal
was mainly concentrated in the resin matrix. The EDX analysis
confirmed the presence of the target elements within the resin-
embedded NPs, while some trace amounts of Cl, and Ti were
also detected, which are introduced during the NPs synthesis
process.[23]

The SIMS mass spectrum, corresponding to the analyzed re-
gionmarked by the red box in Figure 4a, is presented in Figure 4c.
An important step in SIMS measurements of multicomponent
samples is correctly identifying distinctmass signals for the com-
ponents of interest due to overlapping signals and determining
the optimal primary ion dose for higher spatial resolution. To
achieve this, we first analyzed the peaks from the pure resin sam-
ple (blue spectrum in Figure 4c) to distinguish pure resin signals
from those of the resin-embedded NPs. Ion fragment peaks cor-
responding to the resin, primarily composed of carbon (C), oxy-
gen (O), oxygen-containing species, and hydrocarbon fragments,
were identified at the surface and matched with previously re-
ported spectra.[12,25]

The spectrum in red in Figure 4c represents the SIMS spec-
trum for the resin-embeddedNPs sample. The FIB-SIMS imaged
region had a measured depth of ≈157.6 nm, corresponding to a
total of ≈500 frames (with the corresponding SEM image after
SIMS acquisition shown in Figure S6, Supporting Information).
FIB-SIMS enabled the detection of elemental fragments originat-

ing from the NPs, with tentatively assigned peaks listed in Table
S3, Supporting Information (for both resin-embedded NPs and
pure resin).
Figure 4d displays SIMS maps of abundant positive ions,

whose signals originate from NP-rich regions, attributed to (24)
Mg+, (27) Al+, (40) Ca+, and (56) Fe+. The FIB-SIMSmapped ion
distributions reveal distinct NP patterns, with signals that cor-
relate well with the elemental mapping obtained via EDX. The
corresponding depth profile of the analyzed volume is presented
in Figure 4e, suggesting a consistent elemental composition, in-
dicating that all NP-forming elements are detectable throughout
the depth of the analyzed volume.

2.3.2. 3D FIB-SIMS

The elevated geometry of the micropillar at the needle tip made
it an ideal candidate for 3D analysis. A 3D FIB-SIMS experi-
ment was also conducted, involving a series of sequential ac-
quisitions. The process involved: an initial acquisition, followed
by FIB milling to remove ≈1 μm of material, exposing a fresh
surface for the next SIMS acquisition. This cycle was iterated,
with different SIMS acquisition currents, and varying numbers
of frames were tested, enabling progressive 3D chemical recon-
struction. Detailed experimental parameters are provided in the
experimental section.
In total, seven acquisitions were performed, including the first

acquisition shown in Figure 4. The SEM images of the needles
(in the x-z plane) recorded before and after the seven SIMS ac-
quisitions (Figure 5a) illustrate a milled depth of ≈7 μm, while
the overall mass spectra are presented in Figure 5b.
Figure 5c presents a 3D reconstructed volume, illustrating the

evolution of the spatial distribution of (27) Al+, (24) Mg+, (56)
Fe+, and (40) Ca+ ions within themicropillar, with the z-direction
representing the discrete SIMS acquisitions. The 3D FIB-SIMS
analysis suggests that the constituent elements of the NPs were
consistently detected at the surface of the resin-embedded NPs
during each SIMS acquisition, indicating that the NPs were dis-
tributed at varying depths within the resin matrix. This observa-
tion supports the hypothesis that clusters of NPs are dispersed
throughout the resin matrix, although not uniformly. Addition-
ally, SEM images of the top surface of the micropillar (x-y plane)
captured before each SIMS acquisition enabled the 3D recon-
struction shown in Figure 5d, demonstrating the FIB-slice and
view capability on the needle sample.

2.3.3. Imaging of Individual Catalyst NPs Prepared in Resin Lamella
with STEM

STEM-in-SEM experiment was conducted for structural anal-
ysis (size, shape, and distribution) of individual/cluster NPs
in the fabricated resin lamella on the needle tip (Figure 3a).
As illustrated in Figure 6a, the prepared needle sample fea-
turing the lamella on its tip was attached to the STEM-in-
SEM holder and subsequently positioned on the SEM stage.
This imaging technique is similar to TEM, leveraging the
FIB/SEM system’s retractable STEM detector to perform low-
voltage STEM, combining the benefits of both SEM and TEM

Small Methods 2026, 10, 2500622 © 2025 The Author(s). Small Methods published by Wiley-VCH GmbH2500622 (6 of 15)
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Figure 4. Correlative elemental mapping of resin-embedded catalyst NPs with EDX and FIB-SIMS: a) SEM overview of the FIB-exposed pillar surface
with analyzed EDX ROI in the white box (20 μm × 20 μm) and FIB-SIMS in the red box (15 μm × 15 μm). b) EDX elemental mapping of C, O, Mg, Al,
Fe, and Ca. c) SIMS spectra positive ions corresponding to pure resin (blue) and resin-embedded NPs (red). d) FIB-SIMS ions map in the x-y plane (top
view) for (27) Al+, (24) Mg+, (40) Ca+, and (56) Fe+, with each pixel resolution of ≈60 nm representing the sum of intensities compiled over all frames.
In the maps, the scale is such that the counts/TOF extraction per-pixel intensities vary from 0 to MC (the maximum counts). e) SIMS counts in the
depth (z) direction.

Small Methods 2026, 10, 2500622 © 2025 The Author(s). Small Methods published by Wiley-VCH GmbH2500622 (7 of 15)

 23669608, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

td.202500622, W
iley O

nline L
ibrary on [30/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-methods.com


www.advancedsciencenews.com www.small-methods.com

Figure 5. A series of FIB-SIMS acquisitions (7 cycles) on a micropillar for 3D analysis: a) x-z plane SEM images of the micropillar captured before and
after the seven SIMS acquisitions with an ≈7 μmmilled depth (including both FIB slicing and FIB-SIMS imaging) in the z-direction. (b) The overall SIMS
mass spectrum. c) 3D reconstruction of each SIMS acquisition. For display purposes, the data is rendered in (15 μm × 15 μm × 70 μm) volume, with a
spacing of 10 μm between SIMS acquisitions and colors for isotopes chosen for visualization. d) 3D volume rendering of FIB-slice and view.

in one instrument.[26] Bright Field (BF) and high-angle an-
nular dark field (HAADF) STEM images were acquired at
varying electron doses. An electron dose range of 326.10–
1543 e Å−2 V (70 pA, 8.49–20.1 Å2, 30μs) was sufficient
to distinguish and analyze individual NPs from the resin
matrix.
Figure 6b shows a BF STEM image of the entire membrane,

obtained at an electron dose of 0.2 e Å−2, revealing irregular
NP/cluster distribution and detailed views of the NPs dispersed
within the resin film. Magnified STEM images in Figure 6c,d ac-
quired at a dose of 1543 e Å−2 (typically 30 keV, 70 pA, 8.5 Å2,
30μs) typically showed near-spherical shaped particles with di-
ameters between 30 and 44 nm in perfect agreement with,[23] but
frequently formed clusters up to ≈175 nm in size. The resin re-
mained stable under the above conditions, and no charging effect
was observed. However, at doses higher than 1543 e Å−2, notice-
able damage to the resin film resulted, as shown in Figure 6e.

2.3.4. Atom Probe Tomography of Resin-Embedded Catalyst NPs

The as-fabricated resin APT nanoneedles (Figure 3c, Figure S4,
Supporting Information) were utilized for APT analysis due to
their suitability for the technique. Figure 7a presents the analyzed
APT specimen, which is comprised of particle regions and resin
regions. This specimen was analyzed by APT but underwent sev-
eral fractures through the course of the experiment, so differ-
ent phase-pure regions have been analyzed separately. Figure 7b
shows mass spectra from regions corresponding to resin and a
MgFe2O4 spinel NP.

[23] Prominent peaks in the spectrum have
been identified and labeled using insights fromEDX-SIMS analy-

sis and reference data,[23] with their decomposition listed in Table
S4, Supporting Information. Reconstructed positions of selected
ions are shown in Figure 7c for the particle and Figure 7d for
the resin, with both showing approximately homogenous distri-
butions of the ranged ions.
Themain peaks in the resinmass spectrum are at 1 Da (ranged

as H+, though the specimen H content cannot be distinguished
from residual H2 in the chamber),[27] 6 Da and 12 Da (C++, C+),
26 Da (CO+) and 44 Da (CO2

+). The main peaks from the par-
ticle region are at 12 Da (Mg++), 16 Da (O+), 26 Da (Fe++), 32
Da (O2

+), and 72 Da (FeO+). The absence of C++ in the particle
mass spectrum suggests the absence of C+, supporting the as-
signment of the 12 Da peak as Mg++. All peaks, but particularly
Mg++, show dramatic thermal tails which complicate composi-
tional analysis. Inspection of the multiple histograms[28] shows
these thermal tails are most likely the result of DC evapora-
tion resulting from an excessively warm specimen apex. The
background-corrected decomposed atomic composition of the
particle, based on the ranged ions in Figure 7b, is 15.2 ± 0.1
at.% Mg, 44.2 ± 0.2 at.% Fe, 40.2 ± 0.2 at.% O, and 0.43 ±
0.05 at.% Al. The underestimation of O content from semi-
conductors is common in APT,[29] and putting that aside, the
Mg:Fe:Al ratio is ≈25:74:0.7, compared to the expected values
of 33:60:7 based on the reported stoichiometry.[23,30] The strong
thermal tail following Mg++ most likely comprises Mg ions,
which explains the apparent underestimation of the Mg con-
tent. This strong thermal tail also includes the Al++ peak at
13.5 Da, which may impact the accurate quantification of Al
content. Importantly, no significant Ga ions were detected, fur-
ther supporting the chemical integrity of the NPs during FIB
preparation.

Small Methods 2026, 10, 2500622 © 2025 The Author(s). Small Methods published by Wiley-VCH GmbH2500622 (8 of 15)
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Figure 6. STEM analysis of resin-embedded NPs prepared in lamella geometry: a) Schematic representation of the experiment showing the needle
position to the electron beam. b) BF STEM image of the entire lamella, in which the dark spots correspond to the embedded catalyst NPs. Electron
irradiation was maintained at a consistent exposure dose of 0.2 e Å−2. c) Magnified HAADF STEM image of an individual NP (≈35 nm) obtained at the
dose of 1543 e Å−2. d) BF STEM image of overlapped NPs and clusters. e) HAADF BF image illustrating damage to the sample due to excessive electron
dose (>1543 e Å−2).

The decomposed atomic composition of the resin region is
25.2 ± 0.1 at.% H (although this contains contributions from the
residual H2 in the chamber), 45.9 ± 0.1 at.% C, and 28.8 ± 0.1
at.%O, althoughDC evaporation also causes strong thermal tails,
which complicate analysis.

3. Discussion

The results presented above collectively demonstrate the poten-
tial of the proposed NEM method as a promising sample prepa-
ration method for NPs. The capillary-driven microchannel filling

Small Methods 2026, 10, 2500622 © 2025 The Author(s). Small Methods published by Wiley-VCH GmbH2500622 (9 of 15)
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Figure 7. APT analysis of catalyst NPs embedded in resin. a) SEM image of the analyzed specimen prepared using FIB annular milling, with the resin
and particles labeled. b) APT mass spectra from the resin region and the particle region. Selected ranged peaks are labeled. c) Reconstructed positions
of key ions from the particle region of the data. d) Reconstructed positions of all ions from the resin region of the data.

provided a rapid, straightforward approach for retaining a picol-
iter volume of catalyst NPs (30–175 nm) dispersed in a resin pre-
cursor within the needle-eye, which is then polymerized in situ.
A key advantage of this study is that each trapped specimen is
verified by optical microscopy before polymerization, which in-
creases effectiveness of the trapping process. Polymerization on
multiple separate needles (Figure S1, Supporting Information)
under identical experimental conditions demonstrated the repro-
ducibility of our approach.
The metallic nature of the NPs used in this work facilitated

their straightforward identification due to their higher atomic
weight, which provided strong contrast in SEM imaging rela-
tive to the surrounding resin matrix. This contrast facilitated the
rapid selection of ROIs for targeted FIB milling. In cases where
NPs lack sufficient SEM contrast, complementary techniques
such as EDX or FIB-SIMS can be employed to locate the ROIs
and guide subsequent FIB milling.[31] Our FIB milling strate-
gies on the needle tip included producing (1) H-bar for lamella
preparation, (2) annular milling for single micropillar and ATP
tip fabrication, and (3) tip array milling for multiple APT tips. All
these geometries proved to be suitable for 3D FIB-SIMS, (S)TEM,
and APT, eliminating the need for time-consuming and skill-
demanding traditional FIB lift-out.
Moreover, comprehensive structural and chemical character-

ization of catalyst NPs was achieved using our method. In
terms of structural analysis, STEM-in-SEM imaging of the resin-
embedded NPs lamella and APT tips (Figure 6, Figure S4, Sup-
porting Information) demonstrated excellent sample stability
and enabled measurement of NP size, morphology, and distri-
bution, both individually and in clusters. The same specimens
are amenable to atomic-resolution TEM for further investigation

at higher resolution of crystallinity and lattice defects, thereby re-
vealing any sample preparation-induced artefacts. Furthermore,
3D morphology of the NPs within the lamella can be recon-
structed by electron tomography with tilt series acquisitions up
to 120°;[4,17] and compositional heterogeneities can be mapped
through correlative APT-TEM analysis on the APT tips. Selection
of ROI on the lamella (Figure 6b) and fabrication of APT tips from
electron-transparent lamellae can also be achieved following the
protocol described in a previous work.[32]

In terms of chemical composition, FIB-SIMS ion maps of the
major metallic elements in the NPs showed a strong correlation
with EDX elemental maps (Figure 4), confirming consistent de-
tection across both techniques. The primary Ga+ ion doses 0.81–
8.38 × 1016 ions per frame (calculated from a 225–400 μm2 field-
of-view at 256 × 256 pixels, ≈60 nm pixel−1) yielded sufficient
secondary‑ion counts to detect Mg, Al, Fe, and Ca from the clus-
ters. This could be improved to achieve individual NP resolution
by lowering the beam current, selecting a matrix with more fa-
vorable ion-yield characteristics, or modifying the surface chem-
istry prior to analysis by oxygen to enhance ion yields, as demon-
strated in previous studies.[5,33] Isotopic and oxide assignments
were ambiguous due to interferences from multiple molecular
ions from the NPs and the resin. For instance, the isotope abun-
dance of Fe deviates from natural isotope abundance (i.e., 54Fe
(5.8%), 56Fe (91.7%), and 57Fe (2.2%)), meaning that the m/z
= 56 peak tentatively assigned to Fe+, may include signals from
CaO+, and MgO2

+. Similarly, the secondary ion atm/z = 40 peak
assigned to Ca+, likely also interferes with MgO+, resulting in
ambiguity in peak assignment. We detected some metal oxides
(FeO, FeO2, and AlO)

[23], but others such as Fe2O3 were absent,
probably due to the positive secondary ion mode used and the

Small Methods 2026, 10, 2500622 © 2025 The Author(s). Small Methods published by Wiley-VCH GmbH2500622 (10 of 15)
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reduced efficiency of oxide ejection when using a 30 keV Ga+

primary ion beam. Moreover, our needle‑eye sample preparation
proved suited for 3D FIB‑SIMS methodology.[34]

In APT experiments, we achieved quantitative compositional
analysis of the catalyst NPs with results closely approximat-
ing those reported before,[23] despite limitations. Four APT tips
whose NP presence at the apex confirmed by (S)TEM were se-
lected for analysis. Two tips yielded comparable field evapora-
tion and produced mass spectra exceeding two million ions with
clear NPs detection characteristics; while the other two frac-
tured prematurely without any NP signature but still yielded at
least 200 000 ions each. Fractures likely arose due to weak ad-
hesion between the NPs and the resin under the high electric
field and from the heterogeneous field‑evaporation behavior of
multi‑component systems,[35] and also because no coating was
applied on the samples. Similar to FIB-SIMS, peak identification
in successful APT data was ambiguous due to interferences from
multi-component in the NPs and the hydrocarbon and oxygen-
containing ions from the matrix. Complex field evaporation be-
haviors inmulti-component systems, including differential evap-
oration rates, molecular dissociation, and hydride formation, dis-
torted the mass spectrum. Additionally, this caused sample frac-
tures, which posed a significant limitation, affecting data qual-
ity and the success rate. Preparing a closely evaporation field-
matchedmatrixmaterial that fully surrounds theNPs or applying
thin conductive coatings prior to analysis may improve the yield
of our method.[19,36]

Next, we want to discuss potential improvements to the NEM
preparation method. FIB milling was extensively used in this
work to first create the microchannels and fabricate geometries.
Despite our FIBmilling strategies and parameters (Table S1, Sup-
porting Information), we acknowledge that FIB-prepared speci-
mens are not entirely free from any prior preparation-induced
artifacts. Ga implantation and structural damage, particularly at
the sample surface, remain inherent challenges. Tomitigate this,
implantation-free and faster fabrication techniques will be ex-
plored. We speculate that femtosecond laser ablation and plasma
FIB, both of which offer higher removal rates and minimal ion
contamination, could be explored.[16,37] Additionally, we observed
structural damage of some of the needle tips during preparation,
resulting in either bending or complete removal of the cap while
polymerizing the specimen within the microchannel (Figure S7,
Supporting Information). This proved advantageous, as it elimi-
nated the need for extensive FIB milling to create a fresh surface
on resin surface. This suggests that intentional fracture could be
investigated as a time-saving strategy to further streamline the
preparation. Future improvements will also focus on optimizing
the microchannel dimensions to broaden the method’s applica-
bility across diverse nanomaterials and liquid specimens. We an-
ticipate that vitrifying liquids on the needle tip for cryo-imaging
and analysis will expand the applicability of the method to bio-
logical studies. Systematic studies on the relationship between
liquid properties, needle substrate surface properties, and mi-
crochannel dimensions will elucidate filling dynamics, establish
design rules, and help to achieve ever-smaller volumes down to
the femtoliter-attoliter scales.
From a practical point of view, it should be mentioned that

the W needle as substrate turned out to be well suited and me-
chanically stable in most of the experiments, especially when

immersing for confining the specimen, and also when transfer-
ring between analytical instruments. But other substrates can
be adopted. In case of applicability to organic samples, further
consideration is required. One potential concern is the biocom-
patibility of the needle substrate, which may pose compatibil-
ity issues for certain biological specimens. Alternative strate-
gies will be considered in future work, such as coating the nee-
dles with gold (Au) or selecting biocompatible needle materials
that provide both chemical stability and the mechanical dura-
bility required to withstand various preparation conditions with-
out degradation or adverse reactions. Also, significant challenges
arose when initial tests on biological samples, such as cells. Iden-
tifying cells within the exposed volume using FIB-SEM proved
difficult due to their organic composition and low atomic con-
trast, making them visually indistinguishable from the surround-
ing resin in SEM imaging. This lack of contrast complicated the
assessment of whether cells were successfully trapped within the
microchannel or if the structure contained only the surrounding
resin medium. Potential solutions to enhance visibility include
staining or functionalizing the cell with electron-dense markers,
such as heavy metal stains, to improve contrast and facilitate pre-
cise localization in SEM imaging.

4. Conclusion

In this work, we presented a sample preparation method for the
comprehensive analysis of NPs. We introduced a “needle-eye”
design, featuring a through-microchannel at the needle tip that
enables controlled trapping of resin precursors with suspended
NPs via pressure-driven filling upon immersion in a liquid sus-
pension. The retained specimen was then polymerized in situ
on the needle tip for subsequent analysis. Using catalyst NPs
as an application example, we demonstrated the applicability of
this approach for room temperature analysis. Needle samples
were prepared with polymerized volumes ranging from 6 to 60
pL, and subsequent FIB milling was employed to rapidly create
specific geometries on the needle tip, such as a micropillar, a
lamella, and APT tips. We showcased the use of EDX, FIB-SIMS,
STEM, and APT techniques to analyze the chemical and struc-
tural properties of tiny NPs. Indeed, the combination of these
techniques has been proven effective in the analysis of the NPs
both correlatively and complementarily. The findings confirm the
method’s ability to preserve structural and chemical properties.
Our method offers several key advantages: (1) precise sample
capture with high repeatability and volume control in the picol-
iter range, (2) elimination of complex processing steps, including
FIB lift-out, micro/nanomanipulation, and microtomy, (3) scal-
ability for high-throughput analysis using multi-needle arrays,
(4) reduced startingmaterial requirements and preparation time,
(5) site specific machining with compatibility for multimodal
analysis combining both correlative and complementary inves-
tigations, (6) flexibility for both room-temperature and cryogenic
analysis through vitrification. Future improvements include re-
fining the method to target smaller nanoscale trapped volumes
(from femtoliter to attoliter) by reducing channel sizes and apply-
ing surface treatments to enhance hydrophilicity, which will also
reduce machining time. Addressing biocompatibility challenges
for organic specimens and minimizing cluster formation in grid
materials will further enhance the applicability of the method.

Small Methods 2026, 10, 2500622 © 2025 The Author(s). Small Methods published by Wiley-VCH GmbH2500622 (11 of 15)
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Despite these limitations, the NEMmethod remains an effective
approach for sample preparation, offering the potential to over-
come current bottlenecks in high-resolution nanomaterial analy-
sis. While this study serves as a proof of concept, further investi-
gation and optimization will be essential to fully consolidate the
efficacy of the method.

5. Experimental Section
Preparation of Suspensions—Pure Resin Precursor: The uncatalyzed LR

white liquid resin precursor (hard grade) used in this study was purchased
from ProSiTech, Australia (Product CO24) and the kit was supplied with
an initiator (benzoyl peroxide catalyst powder). The resin precursor was
highly hydrophilic with a low viscosity of 8 cps. To prepare the resin sus-
pension, 1 mL of precursor and 0.02 g of initiator were added to a mi-
crocentrifuge tube and ultrasonically mixed for 5 min to ensure uniform
dispersion of the initiator. The mixture was then stored in a refrigerator at
4 °C to fully dissolve the initiator into the resin precursor, maintaining the
mixture in a liquid state to prevent premature polymerization.

Preparation of Suspensions- Catalyst Nanoparticles Dispersed in Resin Pre-
cursor: In this study, Mg, Al, Ca, and Fe-rich multi-metallic catalyst NPs,
primarily synthesized as spinel ferrite from fly ash waste from the decom-
missioned Yallourn coal power plant in Victoria, Australia were used to test
the proposed NEM sample preparation method. A slightly modified NPs
synthesis procedure previously reported by[30] was adopted. Initially, 1 kg
of raw fly ash was washed in water several times to remove water-soluble
materials (Na2O, K2O, etc.) and all unburnt carbon. The washed material
was leached using 32% HCl acid solution with a liquid-to-solid (L/S) ra-
tio of 10 under continuous stirring for 3 h. This purposely facilitates the
extraction of significant amounts of Fe, Al, and Mg from the solid matrix.
Subsequently, the leachate was titrated by adding 1 M NaOH until the pH
reached 10. The precipitate was water-washed, mixed with glycine in a 1:1
ratio, and dried overnight to form a gel-like substance. The gel was then
combusted at 800 °C for 4 h to form the NPs.

To prepare the resin-NPs suspension, the resin precursor was first
mixed with the catalyst NPs at an 8 wt% ratio and ultrasonically mixed for
30 min to ensure even dispersion. Following this, the initiator was added,
and themixture was sonicated for an additional 5 min to achieve thorough
dispersion. The suspension was then refrigerated at 4 °C to fully dissolve
the initiator into the precursor and the mixture in a liquid state to prevent
premature polymerization.

Needle-Eye Microtrap based Sample Preparation—Needle-Eye (Through-
Microchannel) Fabrication on Needle Tip: A needle eye design featuring a
through-microchannel was fabricated at the tip of a tungsten (W) needle
substrate using FIB milling. W needles (ST-20-010 from GGB Industries,
Inc.) with an initial tip radius of ≈10 μmwere selected for their mechanical
hardness (Figure 2a). A rectangular pattern (w× h) wasmilled into the side
of the needle using FIB milling (65 nA and 30 keV, FEI Quanta 3D, Thermo
Fisher, USA).

Needle Plasma Surface Modification: After microchannel fabrication,
the needle tip was cleaned by sequential immersion in ethanol and iso-
propanol, then subjected to a 5-min oxygen plasma surface modification
to enhance surface hydrophilicity. The plasma cleaning was conducted us-
ing XEI Evactron Softclean Zephyr Plasma Cleaner.

Needle Immersion in Suspension and Microchannel Filling: The needle
was immersed in the target liquid suspension (prepared suspensions in
previous sections) held in a reservoir to fill the microchannel (Figure 1
(Step 2)). Initial trials used pure resin precursor, followed by experiments
with NP-suspended resin precursor. After immersion, the reservoir was
placed in a low vacuum chamber to help remove air bubbles. The nee-
dle was then retracted and examined under brightfield optical microscopy
(Eclipse E200, Nikon, Tokyo, Japan). Images were collected under trans-
mission and reflectionmodes using a digital camera (Pro-MicroScan 5898,
Nikon, Tokyo, Japan). Upon confirmation, on-tip polymerization was per-
formed.

On-Tip Polymerization: A temperature of 70 °C was set in the vacuum
oven (VO Series 500°F Vacuum Drying Oven) to initiate polymerization

of the resin suspension within the microchannel. Since resin retention
was confirmed via optical microscopy pre-checks, the needle could be di-
rectly placed in the vacuumoven for polymerization.However, tominimize
evaporation of the retained specimen over time, the needles were prefer-
ably kept immersed in the resin-based suspension, and the entire setup
(including the reservoir) was placed in the oven (at 84 659.7 Pa). After 5
min of partial polymerization, the needles were carefully removed from the
hardened resin block, resulting in a partially solidified specimen within the
microchannel. The removed needles were then left to fully polymerize for
24 h before subsequent electronmicroscopy (EM) imaging in the FIB/SEM
system.

Scanning Electron Microscopy Imaging and chemical Characterization:
The FIB/SEM instrument (FEI Quanta 3D, Thermo Fisher, USA) was used
to examine the samples including as-received NPs, needles, and on-tip
polymerized specimen. SEM imaging was employed for morphology and
size information, while the instrument’s EDX detector was used to exam-
ine the chemical composition. SEM imaging was performed using accel-
erating voltage kept between 2–5 keV and 10–50 pA to minimize electron
beam damage and avoid charging effects. The instrument’s Ga+ FIB col-
umn was used for milling.

FIB Milling Geometries (Micropillar, Lamella and APT Tip) Fabrication on
Needle Tip: FIB milling was used to create the geometries using the pa-
rameters summarized in Table S1, Supporting Information.

Resin-embedded NPs lamella fabrication: The well-established H-bar
approach was used for the preparation of electron transparent (lamella)
geometry.[38] As illustrated in Figure S2, Supporting Information, a ROI on
the freshly FIB-exposed resin-embedded NPs surface was identified using
SEM-EDX. A protective Pt layer was then deposited (yellow rectangle) over
the ROI, and deep trenches were milled from both sides the Pt-capped
ROI along the long edges (the red semi-circles) to create the H-bar. Final
thinning at a low energy FIB milling using a 5 keV Ga+ was introduced to
reduce the amount of damage and amorphization introduced during the
preceding 30 keV milling step.

Resin-embedded NPs micropillar and APT tips fabrication: FIB annular
milling was performed at 30 keV to fabricate a finemicropillar with a 30 μm
inner diameter and an aspect ratio of 0.9:1. The probe current was reduced
in steps from 15 nA to 9.9 nA and then to 4 nA, while the ion beam was
rastered from outer to inner scan direction to minimize redeposition.

Figure S3, Supporting Information presents the sequential steps used
to fabricate a resin ATP tip. In the first step a capping layer was deposited
on the ROI using e-beam-induced (100 nm) followed by ion-beam-induced
(300 nm) deposition, giving a capping of ≈400 nm thick and 3–4 μm
in diameter. Annular FIB milling was then employed to give the resin-
embedded NP a tip shape with the required dimension (an apex radius
<100 nm). Finally, a 10 s low energy polish (5 keV, 41 pA broad beam) was
used.

In an effort to ensure that at least one APT tip provides high‑quality APT
dataset, we adopted a tip array strategy. Four sharp APT tips were milled
≈10 μm apart on a single on-tip polymerized specimen (Figure S4a, Sup-
porting Information). STEM screening confirmed NPs positioned at the
apex of three of the four tips (Figure S4b, Supporting Information). How-
ever, the APT electrode detectors’ field of view did not allow for the analysis
of all four tips from one needle, as running one placed the others in the
detector’s field of view, likely representing secondary peaks in the mass
spectrum. Only one tip was selected for APT, while the others were blunt
(Figure S4c, Supporting Information). This suggests that redesigning the
microchannel to provide a spacing of≈40 μmbetween sharpened APT tips
could allow for two or more usable tips per needle, offering a potential
high-throughput option. Throughput can also be increased by polymeriz-
ing specimens on several needles in parallel and then FIB-sharpening each
one.

STEM inspection revealed NP‑rich regions along the APT needle shank.
If a tip fractured during APT analysis, FIB was used to re-sharpen the
needle at another region containing NPs, allowing for a new analysis to
be conducted (Figure S4c, Supporting Information). This iterative FIB re-
sharpening approach proved highly valuable in this study.

FIB damage mitigation: Since FIB milling leads to a certain level of
structural and compositional damage,[39] to ensure quality and integrity
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of the prepared geometries following strategies were used: the resin sur-
face was kept parallel to the ion beam during surface polishing at 30 keV.
It has been observed that milling at an incidence angle of 89° between
the ion beam and a vector normal to the resin specimen surface leads
to 5.2 ± 3.4 nm Ga+ implantation and the amorphization of the outer
layer, a final FIB milling at 2 keV with a current of 29 pA was used to re-
duce the thickness of the damaged surface to 1.4 ± 0.9 nm depth.[40] On
the other hand, when creating geometries, the sample surface was posi-
tioned perpendicular to the ion beam. Milling at 30 keV perpendicular to
a resin sample surface results in ≈42 nm Ga+ implantation depth. Reduc-
ing the ion voltage to 2 keV can reduce ion implantation as low as ≈7.6
nm depth. However, because a protective >400 nm Pt layer was main-
tained on the resin surface before geometry (lamella and APT tip) fab-
rication, Ga+ implantation on the top surface may not be a concern in
our milling strategy. Nonetheless, lateral Ga+ implantation in the walls
of the geometries during the fabrication process can be estimated to be
high ≈10 nm as well as heat damage. To reduce the effects of beam heat-
ing, one set up the milling parameters such that the overlap between the
subsequent milling spots was within the outer ranges of the beam strag-
gle. This approach was demonstrated before to create clean cross-sections
with reduced heat damage, even when employing a high-current milling
strategy.[41]

FIB-SIMS: FIB secondary ion imaging was conducted using a
vacuum-compatible, high-resolution ToF-SIMS detector from TOFWERK
(Thun, Switzerland), integrated within the Thermo Scientific Helios 5 UX
FIB/SEM system. The system’s Ga+ FIB column was used to mill the ROI.
During SIMS imaging, secondary positively and negatively charged sin-
gle ions and ionized fragments are generated and guided to a mass an-
alyzer for mass analysis and therefore be detected. The extraction volt-
age for the secondary ions applied to the extraction nozzle of the ToF-
SIMS was limited to < 200 V, with the needle sample grounded, and a
working distance kept at 4.1 mm. A FIB raster scan strategy was used
and this study primarily focused on the collection of positive secondary
ions for their higher ionization efficiency with metallic particles, providing
stronger signals. SIMS data were collected according to the experimental
parameters listed in Table S5, Supporting Information, utilizing different
areas and beam currents for each sample. The mass spectra data and ion
maps were processed using ToF SIMS Explorer, the built-in proprietary
software.

Needle samples were mounted on a pre-tilted holder (45°) to facil-
itate transitions between the needle’s axis being colinear and perpen-
dicular to the ion beam for SIMS acquisitions and FIB slicing, as il-
lustrated in Figure S8, Supporting Information. For SIMS acquisition,
the configuration in Figure S8a, Supporting Information was used, fol-
lowed by a 180° stage rotation and a −7° tilt to align the ion beam
parallel to the sample surface (Figure S8b, Supporting Information)
for FIB slicing. Top-view (x-y plane) SEM images were acquired using
the Everhart–Thornley Detector (ETD, secondary electrons) before each
SIMS acquisition, with the electron beam set to 5 keV. Precise slice re-
moval was automated using Thermo Fisher ASV software, while stage
moving to SIMS acquisition was manually controlled. Slicing was per-
formed with a 30 keV Ga+ ion beam at a 9 nA probe current, remov-
ing ≈1 μm of material to expose a fresh surface for the next SIMS
acquisition.

This method enabled seven FIB-SIMS acquisitions for depth profile
analysis. Serial SIMS acquisitions and FIB/SEM slice-and-view images al-
lowed for 3D reconstruction of the internal structure and chemistry of the
samples. FIB/SEM stacks were visualized and processed in AVIZO 2021.2,
and 3D rendering of SIMS ion distributions was achieved using a custom
MATLAB script.

STEM Structural Analysis of Resin-Embedded Nanoparticles Lamella and
APT Tips: STEM-in-SEM imaging was performed using a FEI Quanta 3D
FEGSEM (Thermo Fisher, USA) equipped with a retractable STEM detec-
tor. The holder was mounted on the SEM stage, with the needles mounted
using carbon tape while their tips remained suspended (Figure 6a). The
STEM detector was then inserted beneath the suspended needle tip and
aligned to ensure the electron beam penetrates the lamella/APT tip and
reaches the detector. Typical STEM-in-SEM operating conditions included

a 30 keV acceleration voltage,≈70 pA probe current, and a 10mmworking
distance.

APT Characterization: APT was performed using a local-electrode
atom probe (LEAP) 4000X-Si to analyze the prepared specimens. Field
evaporation was conducted in laser-pulsed mode with a wavelength (𝜆)
of 355 nm. The pulse frequency was set to 200 kHz, with a pulse energy
of 50 pJ and a sample temperature of 50 K. The detection rate during the
analysis was maintained at 0.5% (0.005 ions per pulse). Data reconstruc-
tion was carried out using IVAS software version 3.6.8 (Cameca Scientific
Instruments), following a standard voltage evolution-based protocol with
varied reconstruction factors to ensure accurate spatial and compositional
analysis.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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