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The morphology of porous polymers determines their transport characteristics and thus their efficiency

in numerous applications. Tailoring the properties of a structure to the intended use presents a major

challenge to materials scientists, as long as methods for an accurate morphological characterization are

lacking. We demonstrate the large-volume reconstruction and analysis of a polymeric monolith using

serial block face scanning electron microscopy. Skeleton and void space of the monolith are statistically

evaluated to extract key structural parameters relevant to mass transport, and to quantify finite-size

effects, which are usually neglected, on their values.
Introduction
Quantitative relationships between the morphology of a porous

material and its local as well as global transport properties are

important in several research areas, thereby addressing character-

istic length scales from nanometers, as with catalyst nanoparticles

[1,2], up to environmental fields, for example, in soil science [3–8].

Polymer-based materials with tailored micron and submicron

morphological features are intensively used due to their low cost

and flexible surface chemistry [9–13]. Porous polymeric scaffolds

can nowadays be prepared with a hierarchy of micro-, meso-, and

macroporous spatial domains [14–19]. The morphology of a

material determines its transport characteristics and thus its

efficiency in catalysis [20–22], fuel cell design [23,24], battery

and electrode development [25–30], separation science [31–33],

or selective gas extraction and storage [34–37]. For example, mass

transport to and from the active surface sites in micropores and

mesopores is usually purely diffusive and may limit reaction rates

in technical catalysis [38–40].

Tailoring the properties of stationary supports to their intended

use is a major challenge for materials scientists, as long as methods

for their accurate and quantitative morphological characterization

are lacking. The establishment of quantitative morphology-trans-

port relationships may rely on direct pore-scale simulations of
*Corresponding author:. Tallarek, U. (tallarek@staff.uni-marburg.de)
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flow, mass, and charge transport in the 3D reconstruction of the

material [41]. However, the simulations can only be as accurate as

the underlying model permits. Acquiring a 3D reconstruction for

materials with micron and submicron morphological features

usually involves electron microscopy [42]. While scanning elec-

tron microscopy (SEM) and transmission electron microscopy

(TEM) are both reliable and fast and therefore well suited for

convenient screenings, the obtained information is only 2D and

therefore limited. Since 2D cross-sections can be insufficient to

capture the morphological features of a material [43], and also

because of fundamental differences in the transport properties of

2D and 3D models [44–46], 3D imaging techniques are required to

provide the essential morphological data and the full 3D model for

realistic transport simulations.

From a portfolio of available methods [42,43,47–54], focused

ion beam SEM (FIB-SEM) has become the dominating method for

this task over the last years, since it is widely available, robust, and

versatile with respect to the investigated material [24,55–61]. A

drawback is the limited sample volume that can be covered in a

reasonable time. As a result, the 3D reconstructions often show

finite-size effects, which are manifested as the deviation of a

measure from the global value due to the artificial spatial restric-

tions generated by the imaging process. Substantial effort has been

dedicated to resolve this issue [6,8,59,62–65] but the actual volume

necessary to derive the global value of a morphological parameter
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FIGURE 1

Setup of the serial block face scanning electron microscope, the
combination of an environmental scanning electron microscope and an

automated ultramicrotome located inside the specimen chamber. While

most often the backscattered electron detector is used, the application of

any detector compatible with environmental scanning electron microscopy
is possible, including the popular secondary electron detector. The

presence of an imaging gas in the low vacuum region compensates for

charging effects, allowing to image without need for a sputter coating.
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strongly depends on the measure of interest; it may address

geometrical parameters such as porosity and void volume distri-

butions, characteristic lengths and related heterogeneities, or

topological measures such as pore interconnectivity.

Here we demonstrate with a large-volume reconstruction

(�100 mm edge length) of a porous polymeric laboratory sample
FIGURE 2

Working principle in serial block face scanning electron microscopy. A slice is cut

which is then imaged. After imaging a new slice is removed from the sample blo

desired number of images is obtained. Typical slice thickness is in the range of 3
electron microscope.
how finite-size effects can be evaluated and avoided. For this

purpose, we employed serial block face SEM (SBF-SEM), a tech-

nique introduced by Denk and Horstmann in 2004 [66]. While

their landmark paper and the subsequent commercialization by

Gatan Inc. stimulated intense research in the life sciences, applica-

tions of this method in materials science are rare but promising

[67–71]. Setup and working principle of SBF-SEM are illustrated in

Figs 1 and 2, respectively. The powerful, yet simple combination of

in situ ultramicrotomy and SEM offers the possibility to image large

volumes of a material in a reasonable time, with the minor

limitation that the specimen must be sliceable by a diamond knife.

Sample pretreatment and imaging
As the porous polymeric sample we used a hypercrosslinked poly-

(styrene-divinylbenzene) monolith confined in a cylindrical

fused-silica capillary of 100 mm inner diameter. Preparation of

the monolith was carried out following a literature procedure

[72]. The material can be imaged over the whole cross-section

of the capillary, which yields a physical confinement for the lateral

dimension of the volume to be reconstructed. In addition, the

capillary facilitates handling, especially during sample pretreat-

ment. Since the sample consists of porous soft-matter, we in-

creased its mechanical stability against possible damages during

cutting, as observed in TEM slices [73], by filling the interstitial

void space with an epoxy-type resin. It also allows for depth

discrimination, which improves localization of solid phase (mono-

lith skeleton) and void space (pores) in the obtained images. A

drawback of the filling with resin is the loss of contrast, which

requires a proper staining procedure. The capillary column format

of the sample allowed us to perform these two steps with conven-

tional laboratory equipment, simplifying standard immersion-

based methods. Staining was achieved by overnight purging the

sample with an aqueous solution of 4% (w/w) osmium tetroxide.

Excess staining agent was removed by washing with pure water.

After drying the sample, commercial SpeciFix-40 resin was used to
 from the sample, generating a clean and smooth surface on the block,

ck, yielding a new surface to be imaged. This cycle is repeated until the

0–100 nm; lateral resolution corresponds to that of a standard scanning
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fill interstitial void space within the monolith. This resin was

chosen to ensure proper embedding. Its low viscosity allows

infiltration without damaging or altering the structure. Like most

epoxy-type resins it shows negligible shrinkage, notable by

the absence of gaps at the polymer–silica interface and voids in

the cured resin. Since the average pore size is a few micrometers

[72], a modest pressure was applied to introduce the fast curing

resin in the pores. After thermal curing, the fused-silica capillary

wall was removed by immersing the sample in hydrofluoric acid. A

secondary embedding in common flat embedding molds was

performed, which finally yielded a mechanically stable sample

with good handling properties.

The sample was then prepared for the electron microscopy

imaging. First, a small cuboid of ca. 500 mm edge length was

cut from the sample. This cuboid was attached to the specimen

holder and a clean surface was cut using a conventional micro-

tome equipped with a diamond knife. The specimen was trans-

ferred to the specimen chamber of an environmental scanning

electron microscope followed by SBF-SEM measurements as illus-

trated in Fig. 2. In total, 1300 slices were obtained, each represent-

ing a thickness of 100 nm and consisting of 4000 � 4000 pixels

(voxel: 29 nm � 29 nm � 100 nm). Imaging was performed with

water vapor at about 107 Pa as imaging gas in backscattered

electron mode, at an electron energy of 4 keV. Images were first

binarized using an automated sequence consisting of image

denoising, filtering, and thresholding. Afterwards, images were

aligned along the column axis and duplicates (resulting from

the fact that after several 100 cuts the diamond knife and sample

mount had to be cleaned and a new stack to be started) were

removed. This produced 1282 binary images altogether, represent-

ing a capillary column volume of 1.01 � 106 mm3, while the actu-

ally imaged volume is 1.73 � 106 mm3 (the difference is due to the

circular cross-section of the column). Images were then stacked

together to give a representation of the 3D monolith structure

shown in Fig. 3.
FIGURE 3

3D representation of the reconstructed cylindrical sample volume. In total,
a monolith segment of 100 mm diameter and �130 mm length was imaged

and reconstructed. To give an impression of the monolith morphology and

relevant length scales two cubic subvolumes, with edge lengths of 20 mm

and 5 mm, are extracted and shown separately. The investigated specimen
consists of a continuous polymeric structure (monolith skeleton; opaque)

with a porosity of �69% (interstitial void space; shaded).
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Porosity analysis
Porosity (void volume fraction) and its distribution throughout

the sample is a feature with enormous impact on the flow and

mass transport properties of a material [74]. The porosity can be

determined from the number of black pixels, which mark the

pore (void) space, divided by the total number of pixels in the

structure. This measure is also easily accessible as a global pa-

rameter with simpler and faster methods like pycnometry, flow

porometry [75,76], mercury intrusion porosimetry [77–80], and

many more [81,82]. The advantage of the imaging-reconstruc-

tion approach lies in its ability to produce also spatially resolved

porosities. This allows us to investigate radial and axial porosity

distributions, that is, those perpendicular and parallel to the axis

of the cylindrically confined monolith. The analysis of spatial

anisotropies is important if a preferred direction for macroscopic

fluid flow shall be realized, as needed when these polymers are

applied in separation science, as flow-through reactors, in gas

storage, and so on. The spatially resolved porosity analysis is

summarized in Fig. 4. In the studied material, the polymer forms

a dense layer with a thickness of a few micrometers at the

capillary inner wall and then exhibits a slight but systematic

increase in porosity toward the center of the cylindrical column,

from a value of 0.689 at about 6 mm from the column wall, to a

value of 0.712 after a distance of approximately 41 mm. This is a

consequence of the free-radical polymerization procedure used

for the preparation of the monolith, which is exothermic and

therefore generates a temperature profile affecting the reaction

kinetics [83,84]. Interestingly, this outer layer (�2 mm thickness)

corresponds to about 8% of the total sample volume. It is there-

fore important to distinguish between the global mean porosity

(0.687), referring to the whole synthesized structure, and the

accessible void space, calculated as the porosity of the central

monolith region without impermeable wall layer, which is

higher (0.716).

In contrast to the systematic variation of porosity over the

cylinder cross-section (radial porosity distribution), its variation

along the cylinder axis (axial porosity distribution) is random

and small, rarely exceeding 1%. The 2D color map for the

porosity in Fig. 4 reveals generally smooth transitions between

denser and looser regions in the monolith, except near the

column center, where they seem to occur more abruptly. How-

ever, this is not a real structural feature and is caused by the fact

that the volume, corresponding to a radial position over which

the porosity is averaged, decreases rapidly toward the column

center. Which volume do we therefore need to probe to receive a

reliable porosity value? To answer this question, we used a simple

approach and extracted cubic subvolumes of varying edge length

(ranging from 300 nm to 57 mm) to calculate their porosity. For

each edge length, this procedure was repeated with 10 subvo-

lumes randomly chosen from the entire sample. The result is

shown in Fig. 5. Whereas the mean porosities are all similar, their

standard deviations vary strongly; with small-volume recon-

structions of only a few micrometers edge length (a volume

typically sampled in FIB-SEM) one may easily misrepresent sam-

ple porosity by finite-size effects. The straightforward procedure

we applied to validate if a porosity value is asymptotic (and thus

accurate or not) underlines the importance of a carefully chosen

sample volume.
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FIGURE 4

The imaging-reconstruction approach allows to analyze local porosity (interstitial void volume fraction) in the reconstructed cylindrical monolith segment.
The color map represents porosity averaged over each radial position, for each of the 1282 imaged slices. The radially averaged axial porosity profile shown

at the bottom is essentially flat and reveals only minor, random variations (�1%), whereas the axially averaged radial porosity profile to the left contains two

distinct features: (i) a drop near the wall reflecting a dense polymer layer of ca. 2 mm thickness, and (ii) a slight, systematic increase beyond that layer
toward the center of the monolith.
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Chord length distributions
The analysis of global porosity is a relatively simple task and a 3D

reconstruction is seldom necessary to determine this parameter. A

locally resolved porosity analysis provides already deeper insight

into systematic or stochastic variations of porosity compared to a

global porosity estimate, which may be related to the conditions

used for synthesis of a material. However, this is not sufficient to

evaluate and compare the morphologies of different materials. A

good method for characterization should provide several proper-

ties. First, it should make no assumption about the pore shape and

size distribution, as this allows for universality in a comparison of

different morphologies [85]. Second, the method should be un-

ambiguous with respect to its application and easily automatable,

to limit bias from the user. Further, it should be possible to extract

simple measures for statistically relevant structural features and to

relate them to transport properties, which often lies at the heart of

an application.
FIGURE 5

Finite-size effects on the determination of mean porosity. Each data point

represents the average from 10 cubic subvolumes of the indicated edge

length, randomly distributed over the entire reconstruction. While the first

statistical moment shows no systematic variation with decreasing edge
length, the second statistical moment increases drastically.
An approach that meets these criteria uses chord length dis-

tributions (CLDs) [73,86–90]. Applicable to any porous material

representation that allows the unequivocal distinction between

solid and void space, the CLD approach provides accurate results

because it neither makes nor requires assumptions about the

geometry of the pore space inherent to bulk methods such as

mercury intrusion porosimetry and nitrogen physisorption. A CLD

for the interstitial void space of the monolith, for example, is

obtained by scanning the solid-void border with chords and

collecting the resulting straight, skeleton-to-skeleton distances

(chord lengths) in a histogram that lists the relative frequency

of each chord length, as illustrated in Fig. 6. Chords are generated

by randomly choosing points in the void space and projecting

pairs of opposing vectors from this point in several directions until

they strike the solid skeleton of the monolith (vectors projecting

out of the image border are discarded). The distance spanned by a

vector pair is a chord length. Since points can be generated in

either the pores or the skeleton of the monolith CLD analysis is a

powerful statistical method to describe the void space as well as the

solid phase of porous materials [91].

The resulting histograms (containing �106 chords, Fig. 6) can be

evaluated using simple descriptive statistics, returning the mean

characteristic length and (normalized) variance, or by fitting an

appropriate function. For example, this is an exponential decay

function for materials with Debye randomness [92]. For materials

featuring correlated disorder, as in this study, a two-parameter k,

G-function based on a statistical mechanics approach to charac-

terize volume fluctuations in random porous media [93] can be

fitted to the CLDs [85,94–96]:

f ðlcÞ ¼ kk

G ðkÞ
lk�1
c

mk
exp �k

lc
m

� �
(1)

In eqn 1, lc denotes chord length, m is the first statistical moment of

the distribution, k = m2/s2 relates first (m) and second (s) statistical

moments of the distribution, and G is the gamma function. k is a

measure for microstructural heterogeneity over a distance of a few

pores [96], which distinguishes random from ordered materials.

Lower k-values represent a wider distribution relative to m, thus, a

larger heterogeneity. An interesting feature revealed by the CLD
407
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FIGURE 6

Chord length distribution (CLD) analysis for the investigation of void space and skeleton characteristic sizes as well as their heterogeneities. Chords are

generated by randomly choosing points, for example in the interstitial void space of the monolith (top left panel), and projecting pairs of opposing vectors

from these points equiangularly in several directions until they hit the solid skeleton (cf. green lines). The distance spanned by a vector pair is a chord
length. A 3D representation is shown in the top right panel. Chords for the void space and skeleton can be stacked to give the respective CLDs (bottom

panels), which are then fitted to eqn 1 (black lines), returning a descriptor for mean size (m) and heterogeneity (k).
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analysis (Fig. 6) is the structural independence of skeleton and void

space. The void space has a global mean characteristic length of

mgl,void = 2.43 mm (extracted from the best fit of eqn 1 to the CLD

generated in the entire void space), together with a global hetero-

geneity characterized by kgl,void = 1.62. The skeleton on the other

hand has a much smaller mgl,skel = 0.75 mm and is relatively homo-

geneous (kgl,skel = 2.9).

The comparison between these parameter values is only justified

if finite-size effects are absent. To clarify this point, we followed the

same approach as with the porosity: CLDs were generated and

analyzed for subvolumes of varying edge length (10 subvolumes

for each edge length) chosen randomly from the entire reconstruc-

tion. The results of this evaluation are summarized in Fig. 7.

Unsurprisingly, the asymptotic value for the mean characteristic

length is earlier reached for the skeleton (mskel) than for the void

space (mvoid), because the latter is about three times larger (see left

panels in Fig. 7). A similar behavior is observed for the parameter

k, which reaches its asymptotic value earlier for the skeleton than

for the more heterogeneous void space (right panels in Fig. 7). It is

important to distinguish between the impact of finite-size effects

on porosity (discussed above) and on the current CLD analysis.

While the porosity still has the correct mean value when a suffi-

cient number of samples is investigated and only the variance of

evaluated porosities increases with smaller subvolumes, in the

CLD analysis the finite-size effects influence the mean values of
408
m and k as well as their variance. To summarize, only the second

statistical moment is finite-size dependent in the porosity analysis,

whereas in the CLD analysis first and second statistical moments

are sensitive to the size of the probed sample volume.

An intriguing representation of all the data in a single graph is

achieved by the use of normalized parameters, as shown in Fig. 8.

Edge length is normalized by mgl,void and mgl,skel for void space and

skeleton, respectively, and m and k are similarly normalized by

their global values (see legend of Fig. 8). All curves in this dimen-

sionless plot demonstrate a similar behavior and reach their

asymptotic values for an edge length of 20–25 times the respective

mean characteristic length. Consequently, we recommend a sim-

ple procedure to determine the minimal representative volume for

CLD analysis. In the first step, the mean characteristic length of the

largest feature of interest (e.g., pore size) is estimated using a fast

method such as conventional SEM. Then, a reconstruction should

be acquired that covers a volume equivalent to a cube with an edge

length of �25 times the estimated mean characteristic length.

Thus, with a material for which the feature has a mean character-

istic length of just 2 mm, a reconstructed volume of 40–50 mm edge

length is already necessary. This may exceed the capabilities of

FIB-SEM, especially if feature sizes become larger. The SBF-SEM

approach introduced at the beginning of this paper offers an

alternative technique, which provides the required large-volume

reconstructions to conduct a meaningful morphological analysis.
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FIGURE 7

Finite-size effects in the CLD analysis of void space (top panels) and skeleton (bottom panels). Cubic subvolumes of defined edge length (10 subvolumes for

each edge length) are randomly chosen from the entire sample to perform a CLD analysis. Parameters of the best fit of eqn 1 to the CLDs are then plotted

vs. edge length. Insufficiently large reconstructions are significantly affected in their morphological parameters; while mean characteristic sizes (m-values, left
panels) are underestimated, the homogeneities are overestimated (k-values, right panels).

FIGURE 8

Normalized representation of finite-size effects on the morphological

parameters extracted from the CLD analysis of void space and skeleton.
Edge length is normalized by mgl,void (mgl,skel) for void space (skeleton), and

m and k are similarly normalized by their respective global values. All

normalized parameters converge to their asymptotic values for analyzed

volumes having an edge length of 20–25 times the respective global mean
feature size (mgl).
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Concluding remarks
We have shown that image analysis based on SBF-SEM delivers

an accurate characterization of micron and submicron morpho-

logical features of porous polymeric materials. SBF-SEM is a
promising method for that purpose and has been used to recon-

struct a 100 mm diameter, ca. 130 mm long specimen from a

laboratory sample of a hypercrosslinked poly(styrene-divinyl-

benzene) monolith. The reconstruction allowed us to quantify

finite-size effects on the determination of key structural param-

eters relevant to mass transport in the monolith. The approach

enables materials scientists to identify and improve morpholog-

ical features behind the performance of a material to achieve

optimal results. These reconstructions will also serve as realistic

3D models in simulations of flow, mass transport, sorption,

and reaction, to quantify morphology-transport relationships

for materials with important technological or environmental

background [97].
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