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ABSTRACT ARTICLE HISTORY
Microscopy is routinely applied to characterize nanomaterials and nanocomposites. Received 15 July 2025
Optical microscopy (OM) and scanning electron microscopy (SEM) are frequently — Accepted 30 March 2026
adopted for their simple sample preparation and efficient image acquisition. The
majority of literature analyses rely on 2D surface imaging or cross-sectional imaging,
often at a single magnification, although they may not be representative, due to the o A

X " o ! R copy; serial sectioning; sub-
multiscale nature of the structures, as well as preparation and projection artifacts. This surface imaging; correlative
paper presents a comprehensive 3D imaging workflow combining serial sectioning characterization; 3D
OM and SEM to obtain realistic volumetric nanocomposite structures. The relationship reconstruction; graphene;
between SEM acceleration voltage, electron penetration depth, and image contrast is morphology
investigated to enhance sub-surface imaging. Correlative OM and SEM characterization
is achieved through multimodal imaging and landmark-based registration. Multiscale
reconstruction is demonstrated on three representative ‘graphene’ nanocomposite sys-
tems, providing rich datasets on dispersion, distribution, orientation, and morphology.
The methodology presented is broadly applicable to other nanocomposites and hier-
archical systems.
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1. Introduction

In the ongoing development of carbon nanomaterials and their derivatives, nanocomposites have
attracted particular attention, as a promising route to exploit exceptional intrinsic properties in a macro-
scopic form suitable for a broad range of applications [1,2]. The introduction of small loadings of carbon

CONTACT Milo S. P. Shaffer @ m.shaffer@imperial.ac.uk e Department of Materials, Imperial College London, South Kensington Campus,
London, SW7 2AZ, UK

@ Supplemental data for this article is available online at https://doi.org/10.1080/20550324.2026.2655060

© 2026 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which

permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been
published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://crossmark.crossref.org/dialog/?doi=10.1080/20550324.2026.2655060&domain=pdf&date_stamp=2026-04-16
https://doi.org/10.1080/20550324.2026.2655060
http://creativecommons.org/licenses/by/4.0/
http://www.tandfonline.com
https://doi.org/10.1080/20550324.2026.2655060

NANOCOMPOSITES e 25

nanofillers (such as carbon nanotubes or graphene-related materials) into polymer matrices offers signifi-
cant improvements in both mechanical and functional properties [3,4]. However, the performance typic-
ally plateaus or reverses at increasing filler loading, a limitation often attributed broadly to ‘poor
dispersion’ or ‘agglomeration’ effects. Further advances demand a more rigorous understanding of nano-
composite microstructure and the associated structure-property relations [5-7]. Characterization is typic-
ally challenging both due to the wide range of lengthscales involved and the relatively low contrast, in
many cases, between carbon fillers and polymer matrices. The smallest intrinsic dimension of these high
aspect ratio fillers is typically nanometers, the longest is typically microns, whilst agglomerates may be
in the tens or hundreds of microns. The quality of nanofiller dispersion concerns the separation of indi-
vidual particles; proper analysis requires resolution at the smallest particle dimensions and in three
dimensions, since particle contacts in general may not lie in a given imaging plane. These contacts are
critical for many properties, particularly percolation driven phenomena such as electrical conductivity,
rheology, and load transfer pathways. Poor dispersion may be manifested by the presence of larger
agglomerates at the scale of the longer dimensions of the particles, which may affect strength, reinforce-
ment efficiency, toughness, and other defect based behavior. Finally, the distribution of the particles
may vary at longer length scales, throughout the specimen, due to either inadvertent or intentional
processing effects (including flows or applied fields), secondary/fractal agglomeration, or phase segrega-
tion (such as double percolation or Pickering emulsification) [8-10]. The multiscale nature of nanocom-
posite microstructure is difficult to study with a single technique, motivating the use of correlative
analysis and other new methods [7]. Whilst dispersion issues arise in many, or arguably all, nanocompo-
sites, they are particularly severe for high aspect ratio fillers, including carbon nanotubes (CNTs), gra-
phene-related materials (GRMs), transition metal dichalcogenides (TMDs), and others. Network analysis of
such nanocomposites [11] requires detailed knowledge of structural characteristics, such as dispersion,
orientation, and local nanofiller morphology across multiple lengthscales and in three dimensions [7].

Conventional microscopies, such as optical microscopy (OM), scanning electron microscopy (SEM),
and transmission electron microscopy (TEM), have been widely applied to carbon nanocomposites.
Generally, samples are 2D, either viewed in projection (TEM, OM) or as a polished/fracture surface (OM,
SEM), often with a limited range of magnifications and extent of statistical sampling. The microstructure
is most often described qualitatively, though a variety of approaches to quantify dispersion have been
developed [12-15]. Comparisons of different microscopies or magnifications support some commentary
on the multiscale nanocomposite structure, but capturing the real volumetric structure experimentally
has been challenging. As an alternative, multiscale modeling and simulation methods have been
adopted to build 3D models and predict the behavior of nanocomposites [16-18]. In recent years, a var-
iety of techniques have been explored as means to probe the 3D internal structure of carbon
nanocomposites.

Confocal laser scanning microscopy (CLSM) enables nondestructive 3D imaging of materials or bio-
logical tissues through optical sectioning, with higher resolution than conventional OM [19]. 3D recon-
structions of CNT nanocomposites, over the length scale of tens to hundreds of micrometers, have been
achieved using both reflection-mode and fluorescence-mode imaging [12,20]. However, 3D CLSM imag-
ing requires optical transparency, limiting the application to nanocarbon nanocomposites with relatively
small filler loadings (<~0.5wt% for CNT nanocomposites) and shallow depths. At a similar length scale,
X-ray computed tomography (X-ray CT) has been applied to reconstruct the 3D microstructure of graph-
ite (lateral size: 5-25 um) nanocomposites [21]. Graphite platelets were segmented and classified based
on their orientation and morphology inside the epoxy matrix [22,23]. However, the broader application
of X-ray CT has been limited, especially in carbon nanocomposites, due to the limited contrast between
carbon nanoparticles and polymer matrices, often requiring intense image processing in the reconstruc-
tion stage [24].

At higher (nanoscale) resolution, scanning transmission electron microscopy (STEM) tomography pro-
vides detailed analysis of particle packing and connectivity (i.e. of carbon nanotubes in epoxy [25]); how-
ever, the imaged volume is restricted to the scale of hundreds of nanometers, which may not even
capture whole single particles. SEM-based 3D techniques cover a wide magnification range and are, in
principle, especially suitable for multiscale characterization of nanocomposites. Although serial array
tomography is relatively widely applied in 3D imaging and correlative characterization of biological
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systems, it is only rarely applied in the context of nanocomposites [26-28]. Previously, serial block face
SEM imaging has been used by our group to trace the trajectories of carbon nanotubes in nanocompo-
sites, bridging the resolution gap between OM and (S)TEM [29,30]. More generally, by combining a var-
iety of techniques, it is possible to access complementary information on nanocomposite architectures
both at high resolution and across wide fields of view [31]; however, truly correlated multiscale charac-
terization of carbon nanocomposites is rare.

This study develops multiscale serial sectioning-based 3D characterization methods on archetypal gra-
phene nanocomposite systems, with different characteristic flake sizes. This technique involves the cut-
ting and preservation of serial nanocomposite sections using a laboratory ultramicrotome, followed by
imaging using OM and SEM under carefully optimized conditions. Correlative imaging and registration
techniques are explored to obtain full multiscale 3D nanocomposite morphologies. This study aims to
demonstrate the importance of 3D correlative characterization for understanding the microstructure of
nanocomposites, establish suitable protocols for such systems, and provide useful multiscale datasets for
representative systems.

2. Materials and methods
2.1. Preparation of graphene nanocomposites

Three types of starting graphene materials with different lateral sizes were selected as representative
nanofillers (see SEM images in Figure S1). Graphene nanoplatelets (GNP, lateral size~500nm) were
obtained from Cambridge Nanosystems UK (G3 Grade Graphene Powder). Exfoliated graphite platelets
(EG, lateral size: 1-5pum) were provided by Thomas Swan (Elicarb Materials Grade Graphene Powder
SP8082). The literature is inconsistent on the definition of terms for graphene-related materials (see the
Carbon editorial on nomenclature) [32]; here, we use the term GNP to describe thin particles (thickness:
0.02 um) with sub-micron lateral dimensions (~500nm) grown directly by CVD, and the term EG to
describe larger platelets (lateral size: 1-5pum, thickness: 0.5 um) generated by high shear exfoliation of
graphite. GNP/epoxy nanocomposites and EG/epoxy nanocomposites were prepared from graphene
powders and Embed 812 epoxy resin (TAAB Laboratories), hardener dodecenylsuccinic anhydride
(DDSA), methyl nadic anhydride (MNA), and accelerator benzyldimethylamine (BDMA) using a solution
mixing method [33]. The Embed 812 formulation used a mass ratio (TAAB 812:DDSA:MNA:BDMA) of
46.1:11.5:48.5:3.8. This resin was selected as a representative epoxy, particularly suited to microtome sec-
tioning. The graphene materials and the epoxy resin were first dispersed separately in ethanol, then
mixed and sonicated before solvent evaporation. Hardeners and accelerators were added, and the mix-
ture was transferred to a flat silicone rubber embedding mold, degassed, and cured at 60°C for 24 h.
Graphite/epoxy nanocomposites were supplied by Fraunhofer ICT (Karlsruhe, Germany), contain graphite
flakes (GF, 40 um in lateral size) produced by Avanzare Innovacidon Tecnoldgica in an epoxy (resin RIMR
426, hardener RIMR 433, EPIKOTE) matrix. This matrix represents a conventional structural epoxy system.
The three types of graphene-related nanocomposites were labeled as GNP/epoxy, EG/epoxy, and GF/
epoxy, respectively.

2.2, Serial sectioning and preparation of SEM samples

Serial sectioning of graphene nanocomposites was performed on a laboratory ultramicrotome
(PowerTome XL, RMC™). The block face of a specimen was first trimmed into a trapezoid pyramid shape
(base width, height < 1 mm), with the side faces painted with Scotch-Weld™ contact adhesive (3M™)/
xylene solution (1:2). Serial sections of graphene-related nanocomposites (hundreds of nm) were cut
sequentially using a diamond knife (ultra 45°DiIATOME), collected and preserved on ITO-coated glass
slides (Sigma-Aldrich), allowing subsequent repetitive/multi-modal imaging. The effect of mechanical sec-
tioning on morphology observation is discussed in the ESI (Section S2). Under the primary conditions
used in this work (1 wt% loading; section thickness of a few hundred nanometers), the observed effects
are limited to typical faint mechanical knife marks. No evidence of graphene platelet fragmentation or
systematic distortion attributed to sectioning was observed (supported by SEM). No obvious systematic
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section compression was apparent at the length scales analyzed. For OM imaging, the ITO-coated glass
slide was placed directly on the OM sample stage. For SEM imaging, the ITO-coated slide was fixed onto
an aluminum stub using carbon tape and imaged without any conductive coating. The serial stacks
used for correlative analysis comprised 23 (GNP/epoxy), 23 (EG/epoxy), and 20 (GF/epoxy) consecutive
sections; sections were excluded only if mechanically damaged or if the region of interest (ROI) could
not be reliably tracked. Section-thickness profiles and variability are provided in the ESI (Figure S2). Z-
scaling was based on the mean section thickness of each serial stack.

2.3. Characterization

A Leica DM2700 Polarizing microscope (Leica, Germany) was used to image the nanocomposite serial
sections in transmission mode using a 50x objective (500x total magnification). The light intensity,
quantified as the average grayscale value, was calibrated for each measurement using a calibration slide
with 0.1 and 1.0 neutral density filters. The illumination level was carefully monitored, consistently main-
tained throughout the measurements. Live image stitching was performed with dedicated scanning soft-
ware (Microvisioneer, Germany) which allowed stitched optical images of a whole series of sections to
be obtained by manually moving the sample stage. The thicknesses of serial sections were measured
from depth profiles in atomic force microscopy (AFM) images obtained using a hpAFM (NanoMagnetics
Instruments). For each specimen, the average thickness was measured from 8 to 10 randomly selected
sections. A Zeiss LSM 800 confocal laser scanning microscopy was used to assess the surface morph-
ology of serial sections (reflection mode). A Zeiss Leo Gemini 1525 field emission gun SEM (In-lens imag-
ing mode, accelerating voltage 1kV) was used to characterize the morphology of graphene particles and
graphene nanocomposites (fracture surface). A Zeiss Auriga field emission SEM was utilized for imaging
the serial sections of graphene nanocomposites. SEM images were acquired at 3-6kV using an InLens
detector (WD: 5-6mm), with frame averaging enabled to reduce noise. Brightness/contrast were
adjusted linearly for visualization.

2.4. Software

Fiji was used for pre-processing of optical microscopy and SEM images (Section S1, ESI) [34,35].
Multimodal OM and SEM registration was achieved using the BigWarp plugin [36]. Custom MATLAB
(Mathworks) scripts were used for concentration mapping of OM images. Avizo (Thermo Fisher Scientific)
was used for 3D volume rendering/visualization. Monte-Carlo simulations of electron trajectories under
different SEM beam acceleration voltage were performed using the CASINO v2.5.1 software [37].

3. Results and discussion

Three starting materials were selected as typical examples of commercial ‘graphene’-based materials,
more properly considered as graphene nanoplatelets (GNPs) or few layer graphenes (FLGs) [32], with
characteristically different flake sizes (~0.5, 5, and 40 microns). Graphene-related fillers of different char-
acteristic flake sizes present potentially different dispersion/distribution behavior and different imaging
challenges. The powders were dispersed into epoxy resin (detailed in Section 2.1), one of the most com-
mon classes of nanocomposite matrices.

3.1. Limitations of conventional SEM surface imaging

Typically, nanocomposite morphology is assessed by SEM surface imaging of bulk samples performed in
secondary electron (SE) mode under low beam acceleration voltages [38]. Conductive coatings (sput-
tered metals) are usually applied to eliminate charging artifacts, providing pure topographic contrast,
but reduce resolution and can obscure the nanostructures of interest, particularly on cut or polished
specimens. As a result, many studies examine fracture surfaces, where topological features are retained;
however, this approach adds further bias to the analysis, since not all particles necessarily sit proud of
the surface, whilst the fracture process itself is likely to selectively locate to agglomerates or other defect
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Figure 1. SEM images of uncoated fracture surface of the three types of graphene-related nanocomposites, captured at
an electron beam acceleration voltage of 1kV. (a,b) 1wt% GNP/epoxy nanocomposites. (c,d) 1wt% EG/epoxy nanocom-
posites. (e,f) 1wt% GF/epoxy nanocomposites.

features. A less common alternative avoids coatings, instead using voltage contrast between the con-
ductive nanofillers and polymer matrices to reveal additional detail [39,40]. To contextualize the chal-
lenges of characterizing carbon nanocomposites, the fracture surfaces of the three ‘graphene’-based
systems were examined, uncoated, using an In-lens SE detector with an acceleration voltage of 1kV. The
general distribution of the various graphene nanofillers was observed (Figure 1). However, the image
contrast between graphene and epoxy is relatively low, making it difficult to resolve the morphologies
of individual graphene nanoplatelets or inter-particle contacts. The 2D images provide information of a
limited surface area and do not necessarily represent the volumetric structure. In addition, the imaging
depth is voltage-dependent, although this sensitivity is frequently ignored in the field. Increasing accel-
erating voltage can enhance subsurface sensitivity and reveal near-surface embedded conductive net-
works or inter-particle connectivity that are not evident in conventional surface SEM images. However,
the practical imaging depth in polymer nanocomposites remains limited to the sub-micrometer range
and is strongly constrained by charging in the insulating matrix (Figure S3), which can bias contrast and
degrade image quality [40,41]. As shown below, this limitation can be addressed by microtoming thin
nanocomposite slices, which brings deeper regions within the SEM information depth when supported
on a conductive substrate. Consecutive nanocomposite slices can be collected using the serial sectioning
technique, allowing for investigation of the microstructure at different sample depths.

3.2. SEM imaging of serial sections

Thin (hundreds of nanometers) serial sections of graphene-related nanocomposites were obtained by
ultramicrotomy and preserved on ITO-coated glass for imaging and 3D construction. SEM-based surface
and subsurface imaging, while widely used for studying the morphology of bulk or powder carbon
nanocomposites, is known to be influenced by various factors, including beam energy, filler dispersion,
and sample thickness [38,41]. Initially, systematic investigations were performed to understand the inter-
play between acceleration voltages (3-6 kV), slice thicknesses (cutting thickness, 100-300 nm), and image
quality (contrast and resolution).

In this study, the serial sections were left uncoated to avoid coating-related artifacts and to image
the particles within the slices. In contrast to the surface images of bulk samples (Figure 1), the SEM
images of 200 nm thin slices exhibited significantly enhanced contrast under all investigated acceleration
voltages (3-6KkV, Figure 2); different regions were imaged for this comparison to avoid any effect of
charging history. Beam-induced charging artifacts (square patches in Figure 2(b)) were occasionally
observed during imaging, particularly upon repeated scanning or at higher magnification. These artifacts
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Figure 2. SEM images of uncoated 1 wt% GNP/epoxy nanocomposite sections (200 nm thick) captured at different elec-
tron beam acceleration voltages. (a,e,i) 3kV. (b,fj) 4kV. (c,g,k) 5kV. (d,h,l) 6kV. Regions of knife marks and local charg-
ing are indicated by yellow arrows, and small particle features are highlighted by the yellow circle.

Epoxy (a) Epoxy
200 nm
400 nm
ITO ITO
3 kv
Epoxy

';"; {c)

Figure 3. Monte Carlo simulations of electron trajectories in epoxy (a—d) using different beam acceleration voltages.
Top layer: epoxy or graphene sample with a thickness of 400 nm, bottom layer: ITO substrate. Primary electrons enter-
ing the samples are labeled in blue; backscattered electrons are labeled in red.

were minimized by reducing dwell time and avoiding repeated scans of the same area during acquisi-
tion. At the lower voltages (3-4kV), local charging and defects caused by cutting (arrowed regions in
Figures 2(a—j)), such as knife marks, were observed. The best image quality (sufficient contrast, absence
of surface artifacts) was achieved above 5kV, where even small graphene particles were clearly resolved
(Figure 2(g)). Having selected an accelerating voltage of 5kV for further studies, the effect of slice thick-
ness was examined (Figure S6); while both 100 nm and 200 nm sections showed good contrast, increas-
ing the slice thickness to 300 nm introduced local charging around graphene particles (Figure S6(f)).
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The penetration depths of incident electrons during SEM were visualized by Monte Carlo simulations
of electron trajectories in both epoxy (Figure 3) and graphene (Figure S7) [37]. These simulations
describe the electron-sample interaction volume; practical SEM resolution additionally depends on probe
size and focusing/stigmation conditions, which also vary with landing energy. Although the penetration
depth is shorter in graphene, the low loading (1 wt%) means that the epoxy results are more representa-
tive. The electron penetration depth and interaction volume increase with beam acceleration energy in
both epoxy and graphene. At low acceleration voltage (3-4kV), local charging can occur due to the
restricted penetration depth of electrons relative to the sample thickness. Above 5kV, the electron pene-
tration depth exceeds the 300 nm slice thickness; as a result, the incident electrons begin to be trans-
ferred to the conductive substrate reducing sample charging, as observed in the imaging experiments.
While higher beam energies are feasible, an intermediate acceleration voltage range (5-6 kV) was chosen
in this study for slice thicknesses of 100-300 nm to avoid matrix damage at higher beam energy [29].

3.3. 3D serial sectioning SEM workflow

Building on established array-tomography workflows [27,30,42,43], a comprehensive workflow was
adapted and integrated for graphene nanocomposites and is summarized in Figure 4. The successful vol-
ume reconstruction relies on two key steps: the acquisition of parallel sections by ultramicrotomy and
the imaging of targeted regions in consecutive sample slices (Figures 4(b-d)). In some cases, pre-proc-
essing of images (S3, ESI) may be necessary for improving image quality (Figure 4(d)). Following image
alignment and resampling, an image series with continuous structural features is generated, as shown in
the image montage (Figure 4(e)). Finally, 3D visualization of the structure is achieved (Figures 4(f,g)).
Additional segmentation, quantitative or correlative analysis can be performed to provide detailed struc-
tural information. Beyond microscopy-based morphological contrast, spectroscopic imaging (e.g. Raman
mapping and electron-energy/elemental spectroscopy) can add chemically specific information for car-
bon nanomaterials embedded in polymers and has been combined with serial-section imaging in recent
studies [44-47]. Such approaches provide a complementary direction for extending the present workflow
where phase-specific identification is required.

(a) (b)

Serial sectioning
Sample
preparation Ribbon collection with conductive substrates
Sample adhesion and mounting

Y

: Targeting region of interest
mage i 5 g
Acquisition Serial sectioning

Imaging conditions: contrast, resolution, field of view

Y

(c)

ITO coated glass
carbon tapo

Side view

sections.

— Normalising the contrast

Subtracting background

R Noise reduction

| Resizing contrast range
) — Alignment
Voxel size correction
3D
reconstruction
Resampling Image montage
L— Cropping and visualisation
Y
Correlative (g)
study/
quantification
3D stack 3D view

Figure 4. Framework for 3D reconstruction of nanocomposites by serial sectioning SEM. (a) Workflow showing the
main steps. (b) Sample preparation by the serial sectioning process. (c) Sample adhesion and mounting. (d) Image
acquisition and pre-processing. (e) Image series alignment. (f) 3D stacking. (g) 3D visualization.
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Figure 5. 3D reconstruction of 1wt% GNP nanocomposites using SEM images captured at 5kX magnification. (a) 3D
view. Orthogonal view: (b) XY view. (c) XZ view. (d) YZ view. SEM images of serial slices were aligned and registered
into a stack for 3D reconstruction. 3D visualization rendered in Avizo.

3.4. Example of image processing and reconstruction

The successful application of this workflow is illustrated with the 1wt% GNP epoxy nanocomposites.
Section-to-section alignment was performed using SIFT feature matching with a least-squares fit to a
global rigid/affine transform (translation/rotation and, where required, scale/shear); no non-rigid morph-
ing was applied to avoid distorting filler features. By comparing overlapping regions of neighboring sec-
tions before and after image alignment, the registration quality can be verified (Figure S9). The resulting
transforms were applied across the full image stack to generate an aligned 3D dataset with continuous
depth features (Figure 5). The voxel size in the reconstructed volume was defined by the in-plane reso-
lution (55 nm/pixel) of SEM images and the average thickness of sections (108 + 18 nm, measured by
AFM). After resampling, with Z-axis interpolation using the Lanczos kernel method [48], the voxel reso-
lution was 55 x 55 x 54 nm. The images were reconstructed into a total volume of 32.3 x 21.6 x 4.7 um.
The resulting 3D dataset (593 x 396 x 88 voxels) provides a high-resolution reconstruction of particle
arrangement, as illustrated in both 3D and orthogonal views (Figure 5).

It is possible to visualize the local organization of nanoparticles at higher magnification to provide
fine structural details (Figure 6). The acquisition of images from low to high magnifications enables the
generation of a series of 3D images with varying sizes and resolutions. This imaging process is particu-
larly useful for correlative characterization, as it enables tracked analysis across different length scales
(see Section 3.5).

3.5. Correlative methodology for multiscale study of graphene-related nanocomposites

The serial sectioning technique preserves sample slices for repetitive imaging by both light microscopy
and electron microscopy; depositing sections on an ITO-coated glass substrate maintains transparency
for transmission OM, and electrically conductivity to minimize charging in SEM. We previously developed
a calibrated OM method to determine real nanoparticle concentrations in nanocomposite slices, which
we combine here with correlated SEM data, in both 2D and 3D, at multiple scales [29,49]. The optical
concentration mapping method generates the absolute filler concentration of each pixel by analyzing
the absorbance of OM images and applying the Beer-Lambert law (Figure S10). This method is particu-
larly useful for investigation of macro-scale distributions of graphene in nanocomposites, since the OM
images are rapidly stitched over large areas (Figure S11). The serial sectioning SEM technique, on the
other hand, provides high-resolution information, including on dispersion, individual particle structure,
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(a)

(b)

5.5um* 7.9 ym *4.8 ym

Figure 6. High magnification (20kX) 3D reconstruction of particle organization (1wt% GNP nanocomposites). (a) The
top slice of the stack in Figure 5. (b) A sub-region selected from (a) and imaged at 20 kX magnification. (c) 3D recon-
struction of the sub-region. 3D visualization rendered in Avizo.

and inter-particle contacts. The correlative use of optical concentration mapping and serial sectioning
SEM is, therefore, promising for achieving multiscale structural reconstruction of graphene-related nano-
composites. Here, correlative OM-SEM refers to registered imaging of the same serial sections, where
OM provides rapid large-area screening (and concentration mapping) to target ROIs and SEM provides
high-resolution morphology/connectivity of the same regions.

3.5.1. Targeting ROIs

In order to correlate the OM & SEM data, target ROIs have to be identified efficiently under different
imaging modes. The process is illustrated first for 1 wt% GNP/epoxy nanocomposites (Figure 7). Initially,
a stitched optical scan of serial sections provides an overview of the sample at a relatively low magnifi-
cation (Figure 7(a)). Once the ROIs are identified, the corresponding regions can be located and imaged
under SEM at equivalent magnification (Figures 7(b,e)) or then studied at higher magnification, as
needed. Local features identified at relatively high SEM magnifications can be traced back to the original
optical scan conveniently (Figures 7(a,e-g)). The entire set of 3D slices is preserved throughout the pro-
cess, allowing any ROIs to be re-imaged or new ROIs to be selected, guided by the stitched optical scan.

3.5.2. Correlative analysis

Once the targeted ROIls have been imaged, the correlation between SEM images and corresponding
optical concentration maps can be analyzed through a supervised multi-modal registration method.
Landmark-based registration was performed using the BigWarp plugin in Fiji (54, ESI). OM-SEM registra-
tion was performed on the same physical sections using landmark/feature matching, and verified by
overlaying corresponding structural features in both modalities. OM and SEM images were registered to
the same physical sections and compared within the same ROI. The presence of well-aligned agglomer-
ation features in the yellow channel showed the successful correlation between the two imaging modes
(shown separately as red & green channels) in a single 2D slice (Figure S13). For 3D correlative analysis,
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Figure 7. Correlative SEM and OM imaging targeting ROIs and multiscale imaging (1 wt% GNP/epoxy nanocomposites,
100 nm sections). (a) Stitched optical scan of an individual sample slice. (b—d) SEM images of local structures captured
from region 1 at different magnifications. (e-g) SEM images of region 2 captured at different magnifications. Color
boxes in (a,b,e,f) depict regions selected for imaging at increasing magnifications.

a slice-by-slice registration method was employed, as both optical and SEM images were already
acquired for each nanocomposite slice.

3.6. 2D and 3D correlative analysis of representative graphene-related nanocomposites

To demonstrate its versatility and capability, the correlative serial sectioning-based 3D reconstruction
technique was applied to the three complementary examples: GNP/epoxy, EG/epoxy, and GF/epoxy
nanocomposites. Here, the motivation is to resolve the real filler architecture (distribution, agglomer-
ation, and inter-particle connectivity) over representative volumes, since these features dominate proc-
essing heterogeneity and percolation/defect driven behavior in graphene nanocomposites.

3.6.1. Graphene nanoplatelet/epoxy nanocomposites

Starting with small lateral size (0.5pum, 1wt% GNP/epoxy), 2D correlation was successfully applied
between the optical concentration mapping and SEM images of thin serial sections (108 + 18 nm) at dif-
ferent SEM magnifications (Figure 8). At 2kX magnification, the GNP distribution was observed in the
correlated field of view (FoV), using both OM and SEM (Figures 8(a-c)). The larger features, which are
attributed to agglomerates of graphene nanofillers, were all well correlated. As the magnification is
increased to 10kX (Figures 8(d-f)) and then 50kX (Figures 8(g-i)), the resolution limit of OM becomes
increasingly obvious, with numerous new features appearing in the green (SEM) channel, not visible in
the OM (red) channel. While the general shape of an agglomerate can be seen from the optical micro-
graph, the organization of graphene nanoplatelets inside the agglomerate is only resolved by SEM, pro-
viding additional detail on the local structure at 70 and 100 kX (Figures 8(j,k), respectively).

By applying the 2D correlation to the full series of images captured at 10 kX (example slice shown in
Figures 9(a—c)), a correlated 3D volume of the selected ROI (21.9 x 19.6 x 2.5 um, 804 x 718 x 80 voxels),
was visualized using both OM and SEM (Figures 9(d,e)). The overlapped region in the 2D ‘composite’
image of the first slice from the stack again showed both large correlated features and small particles
resolved only by SEM (Figure 9(b)). Notably, the features absent in the 2D optical images, once recon-
structed into a 3D volume, contributed to a locally connected structure (Figure 9(d), highlighted by a
pink arrow). An animated rotation of the 3D structure is provided to highlight the local structure in
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Figure 8. 2D correlative analysis of optical maps and SEM images in 1wt% GNP/epoxy nanocomposites, combined with
examples of higher local SEM magnification. (a,d,g) Corresponding optical maps of the correlated regions. (b,e,h,j,k) SEM
images of the targeted regions. (c,f,i) Correlated ‘composite’ images illustrating the overlay between OM maps and SEM
images (red channel: OM map, green channel: SEM images). Color boxes in (a—f,h) depict regions selected for imaging
at increasing magnifications.

more detail (Video S1). The 3D correlative characterization enables the precise reconstruction of the
internal structure, combining both overall concentrations and revealing the details of the local graphene
network essential for understanding the properties of nanocomposites [25,50].

3.6.2. Exfoliated graphite/epoxy nanocomposites
The same correlative approach was then applied to EG nanocomposites with an intermediate flake size
(5 um). However, the ultramicrotomy became more challenging; consequently, serial sections with a
thickness of 322 +32 nm were used for 3D analysis. A strong correlation between the two imaging meth-
ods were observed for almost all particles at various SEM magnifications, as might be expected given
that the lateral size of graphene nanoplatelets falls within the resolution range of both techniques
(Figure 10). However, at relatively high magnifications, SEM images revealed the orientation of the gra-
phene nanoplatelets, whereas no such information can be seen in the corresponding optical map
(Figures 10(g,h)). In comparison, the platelet features appear to be larger in the optical image (Figure
10(i)), due both to the resolution limit and the projected width of the platelet through the thickness of
the slice. The layer morphology of individual nanoplatelets can be resolved in SEM at 50 kX and 100 kX
(Figures 10(j,k)). The implication of the correlative analysis, here, is thus different to that of GNP/epoxy
nanocomposites. The optical method depicts the general distribution of graphene, but high-resolution
SEM imaging provides the morphological information (e.g. flake structure, orientation) of the individual
nanoparticles.

3D correlative analysis was again successfully performed by combining OM and SEM datasets
(18.5x 16.1 x 7.4 um, 679 x 591 x 230 voxels); for this intermediate flake size sample (5um, EG/epoxy)
(Figure 11), animated slice-by-slice comparisons of the two imaging modes are available (Video S2). The
3D SEM dataset provides high-contrast details about the spatial arrangement and orientation of the pla-
telets (Figure 11(d)). The corresponding 3D OM volume provides the spatial distribution of the particles,
although at reduced resolution due to thickness averaging and obvious artifacts caused by knife marks
(Figure 11(e)).
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Figure 9. 3D correlative analysis of OM maps and SEM images for 1wt% GNP/epoxy nanocomposites. (a) SEM image of
the top slice from the stack. (b) Overlay of 2D SEM image and OM map. (c) OM map of the correlated region. (d) 3D
reconstruction of the selected region from SEM images. (e) 3D reconstruction from OM images. The pink arrows indicate
the local structures resolved exclusively by SEM. 3D visualization of datasets was achieved using the volume rendering
function in Avizo. A ‘volrenWhite’ colormap was used for both OM and SEM datasets. To remove the background and
improve 3D visualization, thresholding was applied to OM (threshold: 5) and SEM (threshold: 20) 3D datasets.

3.6.3. Graphite/epoxy nanocomposites

Graphite flakes are often used for mechanical reinforcements of polymer-based nanocomposites [3,23].
Correlative analysis was applied on serial sections obtained from graphite nanocomposites with a large
flake size (40 um, GF/epoxy). Again, a relatively large slice thickness (average thickness: 282 + 27 nm) was
used, due to the challenges in sectioning thin slices of graphite nanocomposites. The 2D optical maps
of serial sections revealed a diverse morphology (Figure 12(a)), displaying different degrees of flake
stacking, curvature, and size. The internal layered flake morphology was clearly resolved in the SEM
images (Figures 12(b,e)), even at low magnifications. Whilst the two imaging techniques were broadly
well correlated and consistent, in the optical channel, the internal flake morphology was completely
missing; the multilayer structures appear as large agglomerates (Figures 12(a,d)), and some thinner-layer
graphite flakes were not resolved. At higher magnifications, SEM clearly revealed the wavy, curved multi-
layers that were not visible in OM (Figures 12(g-1)).

The difference between the two imaging modes was further investigated by comparing the recon-
structed 3D structures (Figure 13). A good correlation was observed between OM and SEM reconstruc-
tions, as evidenced by the agreement of large flakes in the overlapping regions. The 3D SEM
reconstruction (39.4 x 36.0 x 5.6 um, 723 x 660 x 100 voxels) again shows the variety of graphite flake
morphologies, including high-resolution structural details such as smaller flakes and curved multilayers
(Figure 13(d)). As a demonstration of quantitative analysis enabled by the reconstruction, an apparent
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Figure 10. 2D correlative analysis of OM maps and SEM images in 1wt% EG/epoxy nanocomposites , combined with
examples of higher local SEM magnification. (a,d,g) Corresponding OM maps of the correlated regions. (b,e,h,j,k) SEM
images of the targeted regions. (c,f,i) Correlated images illustrating the overlay of OM maps and SEM images. (red chan-
nel: OM maps, green channel: SEM images). Color boxes in (a-fj) depict regions selected for imaging under increasing
magpnifications.
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Figure 11. 3D correlative analysis of OM maps and SEM images in 1wt% EG/epoxy nanocomposites. (a) SEM image of
the top slice from the stack. (b) Overlay of SEM (green channel) and OM (red channel) images. (c) OM map of the top
slice. (d) 3D reconstruction of the selected region from SEM images. (e) 3D reconstruction from OM maps (rendered in
grayscale).
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Figure 12. 2D correlative analysis of OM maps and SEM images in 1wt% GF/epoxy nanocomposites , combined with
examples of higher local SEM magnification. (a,d,g,j) Corresponding OM maps of the correlated regions. (b,e,h,k,m,n)
SEM images of the targeted regions. (cfi,l) Correlated images illustrating the overlay of OM maps and SEM images (red
channel: OM map, green channel: SEM images). Color boxes in (a—fk) depict regions selected for imaging at increasing
magpnifications.
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Figure 13. 3D correlative analysis of OM maps and SEM images in 1wt% GF/epoxy nanocomposites. (a) SEM image of
the targeted region. (b) Overlay of the SEM image and OM map. (c) OM map of the selected region. (d) 3D reconstruc-
tion of the selected region from SEM images. (e) 3D reconstruction from OM maps (rendered in grayscale).
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Figure 14. Visualization of representative graphene-related nanocomposites. (a,d,g,j) 1 wt% GNP/epoxy nanocomposites.
(b,e,h,k) 1wt% EG/epoxy nanocomposites. (¢f,il) 1wt% GF/epoxy nanocomposites. (a—c) 2D optical concentration maps.
(d-f) 3D optical concentration maps. (g—i) 2D SEM images. (j-I) 3D reconstruction by SEM. The yellow box shows the
relative dimensions of the different graphene fillers, in which the height of the dashed lines represents the lateral size
of flakes.

local filler volume fraction was extracted (S5, ESI). In comparison, a significant volume of small flakes/
thin layers were missing in the optical reconstruction (see slice by slice comparison Video S3). Despite
the flake size being large enough to be resolved by OM, in theory, the results demonstrate the comple-
mentary value of correlative 3D characterization in providing a complete representation of graphite
morphology in composites. While OM itself offers useful insights into the 3D internal structure and gen-
eral flake location, potentially across very large volumes, integrating it with high resolution SEM enhan-
ces accuracy and depth in capturing structural details.

3.6.4. Multiscale structure of graphene-related nanocomposites

The implementation of serial sectioning-based 3D correlative characterization provides complementary
information on the multiscale structures of graphene-related nanocomposites. A comprehensive visual
representation of the various graphene-related nanocomposites is provided as a summary and guide for
future studies (Figure 14). The comparisons show the limitations of commonly applied 2D (optical or
electron) microscopic images in structural analysis and the necessity of using 3D techniques to fully
understand the characteristics of nanocomposites. The internal 3D structure of graphene-related nano-
composites varies remarkably with different lateral sizes of graphene fillers, which should be carefully
considered for each application. The serial-sectioning SEM approach is most suitable for relatively stiff
polymer nanocomposites that can be cleanly sectioned by ultramicrotomy. Highly elastomeric matrices
may deform during cutting and require additional preparation strategies (e.g. cryo-sectioning). In add-
ition, the accessible volume is limited by the SEM field of view and the number of collected sections,
typically corresponding to tens-hundreds of micrometers laterally with depth determined by the number
of slices. The entire workflow requires relatively simple instrumentation, including an ultramicrotome
and standard microscopes, widely accessible in materials laboratories. The extension of this methodology
to general nanomaterials and nanocomposites is also feasible through sample embedding, correlative
labeling, and other existing microscopic techniques relevant to a broader range of materials.
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4. Conclusions

Understanding the multiscale internal structure of nanocomposites is essential to establish the structure-
property relations that underpin materials development for application. This study develops a method
for the 3D characterization of graphene-related nanocomposites, based on correlative OM and SEM
imaging of serial sections. Samples are preserved as a series of slices, available for repetitive/multi-modal
imaging using either technique, facilitating the extraction of rich structural information, or even subse-
quent local property determinations. To maximize the resolution of the 3D reconstruction using SEM,
imaging conditions must be optimized to account for the interplay between acceleration voltage, elec-
tron penetration depth, slice thickness, and image contrast. Using the minimum achievable microtomed
slice thickness maximizes z-resolution; matching the penetration depth (accelerating voltage) to the slice
thickness minimizes both charging artifacts and beam damage, whilst imaging all nanoparticles within
the slice. Multiscale 3D structures have been successfully reconstructed for representative graphene-
related nanocomposites (characteristic filler lateral sizes ranging from sub-micrometre to tens of microm-
eter). 3D reconstruction using OM provides information of filler distribution, with quantitative measure-
ment of filler concentration. 3D reconstruction using SEM established detailed structural information,
including local network connectivity, flake orientation, curvature, and other critical features. Correlative
OM and SEM confirms that consistency of the information obtained, but highlights the complementarity
of the techniques. In principle, in future, generative Al methods could be used to interpolate realistic
high resolution microstructures across the large volume OM data, using the detailed SEM data [51]. The
serial sectioning-based correlative methodology will be a powerful tool for investigating materials with
multiscale characteristics, such as state-of-the-art hybrids systems (nanocarbon catalyst supports, energy-
storage electrodes). The 3D structures are valuable inputs to machine learning or modeling studies,
which can in turn assist in the advancement of carbon nanocomposites. The correlative datasets gener-
ated in this study are available to stimulate further exploration [52].
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