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Ptychographic X-ray computed tomography of
porous membranes with nanoscale resolution
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New visualization methods can be utilized to resolve structures at resolutions that were
previously unachievable. 3D images of porous materials with high resolution have been so far
obtained using transmission electron tomography or focused ion beam coupled with scanning
electron microscopy. For these methods, ultra-vacuum is required, and only a small volume of
the sample is visualized. Here, we demonstrate the application of ptychographic X-ray
computed tomography for the visualization of soft matter with a resolution of 26 nm over
large fields of view. Thanks to the high-penetration depth of the X-ray beam, we visualize the
3D complex porous structure of polyetherimide hollow fibers in a non-destructive manner
and obtain quantitative information about pore size distribution and pore network inter-
connectivity across the whole membrane wall. The non-destructive nature of this method,
coupled with its ability to image samples without requiring modification or a high vacuum
environment, makes it valuable in the fields of porous- and nano-material sciences enabling
imaging under different environmental conditions.
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for water and nutrient transport in plants and other bio-

logical systems or for the storage of oil and water in rock
reservoirs. Synthetic polymeric materials are key for chromato-
graphy and membrane separation processes'=3. Their application
is well-established in water desalination*~7, hemodialysis®, gas
separation’, and is expanding in nanofiltration for chemical
separations>10-12, The advantages of membrane technology are
low energy requirement, and low carbon footprint combined with
a compact design that allows packing a large membrane area
within a small volume8. Effective membranes have a complex
porous structure to secure selectivity, mechanical stability, and
fast transport characteristics. Porosity and interconnectivity
determine the membrane performance.

Electron microscopy has enabled a better understanding of
transport mechanisms and facilitated the development of mem-
branes for many purposes. However, electron microscopy requires
a vacuum. Samples are usually dried and coated with a thin metallic
layer for analysis, although the morphology of biological and
synthetic polymeric systems can be affected by the environment in
which they operate, for instance by swelling. Furthermore, as the
pore sizes decrease to the nanoscale, there is a trade-off between
resolution and total sampling volume. X-ray tomography could
be an advantageous alternative. It is a practical non-destructive
visualization method and has been successfully applied for medical
and industrial applications!3-1°. The sampling volume is much
larger than imaged in typical electron microscopy experiments and
the analysis can be done in a regular operation environment
without the need for vacuum or additional coating. However, its
maximum resolution for soft materials has been limited to a
micrometer range or hundreds of nanometers!®17 even for the best
laboratory instrumentation and operation conditions!”.

This is now changing with the implementation of the latest
sources of synchrotron radiation, which can provide nanoscale
resolution keeping the advantages of high sampling volume in a
diverse environment. Ptychographic X-ray computed tomo-
graphy (PXCT) is a powerful non-destructive phase-contrast
imaging in situ technique that uses a series of 2D projections of
the sample in different subsequent angles processed into a 3D
high-resolution reconstruction across its volume with quantitative
information, for instance on porosity and interconnectivity!8-20,
In this work, these features of PXCT are demonstrated in the
example of polymeric membranes.

Membranes are available in different configurations. Among
them, hollow fibers have been successful in hemodialysis, sea-
water desalination, and gas separation due to their effective
packing in modules with large surface areas®8. They are formed
by a continuous spinning process in which a polymer dope
solution is extruded through an annular die; a coagulating bore
fluid is simultaneously injected, and the incipient fiber is collected
in a water bath. The exchange between solvent and water or bore
fluid induces a liquid-liquid phase separation. The polymer-lean
phase forms the pores, while the polymer-rich phase progressively
gels and solidifies giving rise to a complex structure?!22, The
morphology depends on the polymer dope formulation, bore
fluid composition, the gap between the spinneret and the water
bath, and the temperature of different parts?3.

Porosity gradients and hierarchical structures are frequently
intentionally designed to optimize the membrane transport and
drive their applications in challenging separations!?42°. Imaging
the membrane structure is, therefore, essential26. The most fre-
quently used techniques for morphological analysis of porous
membranes are scanning electron microscopy (SEM), atomic
force microscopy (AFM), and transmission electron microscopy
(TEM), which mainly provide a 2D image with only restricted
information (examples in Supplementary Fig. 1).

P orous materials have essential functions in nature, whether

3D imaging allows us to better understand the porosity at
different layers of the membrane and their interconnectivity?®27.
Demonstrated methods are serial block face SEM, focused ion
beam (FIB) SEM, and TEM tomography?®28:29. Each of them has
advantages and limitations reflected in the already mentioned
trade-off between the maximum resolution and the total analyzed
volume of the sample. Of the mentioned methods, TEM tomo-
graphy provides the highest resolution (<1 nm), being the most
adequate tool for the characterization of fine structures, such as
thin film composite membrane active layer3%-3! or block copo-
lymer assemblies?8-2°. However, the volume that can be effectively
analyzed is relatively small: typically, 2-5 pm wide and 100 nm
thick. Thinner slices are needed to reduce the excess of scattered
electrons and form a clear image resulting from differences in
electron density over the analyzed area.

3D images via FIB-SEM are obtained by the successive removal
of thin slices of the sample, by the incidence of an ion beam that
exposes a new, deeper cross-section, which is imaged by the SEM
electron beam?®. For the SEM analysis, to reduce the charging
effect, soft matter samples need to be typically sputter-coated with
a few-nm layer of gold. To minimize the damages caused by the
FIB, an additional protective layer of Pt is deposited at the region
of interest prior to FIB milling?6-32-33. The serial block face SEM
technique is also based on the removal of thin sample slices
(typically 10nm) but using a diamond knife inside the
microscope2®-34, This is a method frequently applied for biolo-
gical samples3>3¢ and in an analogous procedure, the membrane
material requires its stabilization within the epoxy resin and
staining with heavy atoms like osmium or ruthenium, similar to
preparation for TEM analysis?. While FIB-SEM and serial block
face SEM offer a higher sampling volume than TEM tomography,
their resolution is lower. As mentioned before, a high vacuum is
required for all electron microscopy techniques. The only
exception is the environmental SEM, where a lower vacuum is
used, but this compromise leads to a lower resolution3’. Poly-
meric membranes, like biological materials, can swell in water
and solvents, depending on their composition and functional
groups. This again affects selectivity and transport performance.
The response of porous polymeric materials to stimuli like pH,
light, and ionic strength is being used in the development of
smart devices as sensors or controlled delivery38-41. However, the
in situ morphological observation with an adequate resolution
has been only indirectly possible for instance using cryogenic
SEM38,

In contrast to electron microscopy, PXCT could be used for
in situ experiments in environments close to the real application
allowing the analysis of a large volume. Traditionally,
synchrotron-source X-rays have been mostly used in reciprocal
space, but the introduction of coherence-based methods at the
synchrotron radiation sources in the last decade has enabled
diffraction patterns to be phased and inverted to form lensless
images*>43. The implementation of 4th generation synchrotron
sources provides an enhanced and highly coherent flux of X-rays
for coherent diffractive imaging!®, with a larger coherent fraction
that allows faster data collection, it is possible to achieve nanos-
cale resolution in 3D with larger and more representative fields
of view.

PXCT is a scanning modality of coherent diffractive imaging
and has already provided high-resolution images for soft matter
and hierarchical structures such as cells** and bones!®. Besides,
this is a versatile technique in terms of sample environments
allowing for experiments in operando or in situ conditions, via for
example humidity control, which would be valuable for highly
hydrophilic membranes used in water?). Here, we applied syn-
chrotron source coherent diffractive imaging PXCT to image
nanoporous materials and demonstrate the advantages using for
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example hollow fibers made of polyetherimide (PEI). The
obtained diffraction patterns were reconstructed into 3D images
with a voxel size of 23 nm x 23 nm x 23 nm. The visualization
represents a whole hollow fiber membrane wall from the shell to
the lumen side, with volumes of 28,000 and 36,000 um? using
fields of view of 44 x 84 and 38 x 86 um?2. The obtained spatial
resolution of 26 nm corresponds to the highest 3D resolution
achieved up to date for a polymer membrane material (or any
porous polymer material) using X-ray-based techniques and
pushes the limits of the available image technologies for non-
crystalline porous- and nanomaterials. The 3D image recon-
struction of a representative membrane volume with high reso-
lution, without the preparation steps required for electron
microscopy analysis, and therefore under conditions like those
observed under operation, enables a much more comprehensive
representation of the porous systems with quantitative informa-
tion to better understand the transport phenomena, the function
of the structure and its formation mechanism to guide future
developments of the membrane technology. Furthermore, since
the method is non-destructive, it can be applied for in situ
measurements to study, for example, the changes of nanos-
tructures as a response to different environmental conditions.

Results and discussion

Membrane formation and characterization. Two hollow fibers
were prepared by spinning a dope solution consisting of 20 wt%
PEI, 10wt% diethylene glycol (DEG), and 70wt%
N-methylpyrrolidone (NMP) through a spinneret while injecting
bore fluids of two different compositions: 95 wt% NPM/5 wt%
water or 90 wt% ethylene glycol (EG)/10 wt% water (Fig. 1).
Details of the characterization are available in the Supplementary
Methods. The produced fibers are hydrophobic with a water
contact angle of 88 + 3°. The permeance of these hollow fibers to
water was evaluated, with that prepared with bore fluid con-
taining NMP being less permeable (285+ 18 Lm~2h~!bar™!)
than that prepared with EG (341 £ 19 Lm~2h~1bar~1). As for
their selectivity, bore fluids with NMP and EG led to membranes
that, respectively, reject 90% of molecules of molecular weight 80
and 55kgmol~!, or higher. Changes in morphology and
dimensions are evident. Visible changes are seen in the total fiber
wall thickness (variation from 60 to 80 pm), lengths of internal
finger-like cavities (dimensions up to 45 um), the thickness of a
characteristic shell denser layer, and the distribution of sponge-
like porous structures (Fig. 1). The morphology is highly affected
by the kinetics and the mechanism of phase separation as the
solvent from the dope solution is exchanged by the non-solvent
components of the bore fluid and coagulation bath during the

2 Dope Solution [o}lses
Bore Fluid >

fiber spinning. The speed of this exchange depends mainly on the
fluid viscosities and the mixing enthalpy. Furthermore, a bore
fluid containing a large content of solvent reduces the osmotic
driving force for the solvent to be transferred to the bore fluid.
The polymer/solvent/nonsolvent phase diagram guiding the
phase separation is typically delineated by binodal and spinodal
curves. A stable homogeneous solution exists in a good solvent
(thermodynamic condition outside the area limited by the bino-
dal curve); the separation into two coexisting phases is favored
with a large content of nonsolvent (area limited by the spinodal
curve); a metastable thermodynamic condition is confined
between the binodal and spinodal curves. With a slow
solvent-nonsolvent exchange, the system can remain a long time
in the metastable condition, and the predominant phase separa-
tion mechanism is nucleation and growth with a high probability
of leading to a sponge-like pore structure. A fast exchange tends
to promote spinodal decomposition, with the formation of a
porous structure with more interconnected pores. In addition to
this interplay of mechanisms leading to fine pore formation, an
ultrafast intrusion of the nonsolvent into a relatively low viscous
dope solution leads to the formation of finger-like cavities with
fast polymer coagulation around them. With 95 wt% of NMP in
the bore fluid, only a small osmotic driving force is built for
solvent exchange and a small interfacial tension between the dope
solution and bore fluid, resulting in a membrane with a thick
sponge layer on the lumen side. The intrusion of pure water from
the bath leads to finger-like cavities close to the shell side. No
NMP is present in the bore fluid of the second kind of hollow
fibers. Both water and EG would have a high osmotic driving
force for fast exchange and intrusion with finger-like cavities
starting both in the shell and lumen sides?3. The SEM 2D images
in Fig. 1 provide partial information about the morphology of a
fully dry membrane.

Ptychographic x-ray computed tomography of hollow fibers. A
highly coherent X-ray beam produced by the SIRIUS light source
was used at the Catareté beamline*> for PXCT visualization of the
two hollow fibers samples (Fig. 2). PXCT is a lensless coherent
X-ray technique where a specimen is raster scanned in two
dimensions by a coherent probe, recording the diffraction patterns
in the far-field. In such a lensless technique, the resolution is lim-
ited by wavelength, detector distance, and detector size. In our
setup, a 5 um pinhole was used to select a portion of the collimated
coherent beam to illuminate the sample. The illuminated regions
are overlapping (~80%) to reconstruct the image of the sample,
retrieving its amplitude and phase. Coupled with the tomography
method (collecting diffraction patterns at different projection

Fig. 1 Hollow fiber formation and electron microscopy characterization. a Spinneret and hollow fiber formation. b, @ SEM of cross-sections of hollow
fibers. ¢, f SEM of shell surfaces of hollow fibers. d, g SEM of lumen surfaces of hollow fibers prepared bore fluid constituted by b-d 95 wt% NMP/5 wt%
water solution and e-g 90 wt% EG/10 wt%. Dope solution: 20 wt% PEI, 10 wt% DEG, and 70 wt% NMP.
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Fig. 2 X-ray ptychographic coherent diffractive imaging at SIRIUS Catereté beamline. a Experimental setup, where the coherent X-ray beam is defined
by a pinhole and reaches the sample. The latter is scanned two-dimensionally, and an X-ray diffraction pattern is collected at each position. The sample is
then rotated and the 2D scans are repeated to obtain a 3D dataset. b Photograph of the experimental setup at the Catereté beamline. ¢, d 2D Fourier space
coherent X-ray diffraction patterns for hollow fibers prepared with 95 wt% NMP/5 wt% water or 90 wt% EG/10 wt% EG as bore fluids and examples of

their respective 2D electron density projections.

angles), PXCT enables to obtain three-dimensional high-resolution
images. When coupled with a highly coherent X-ray beam from a
4th generation synchrotron, PXCT reveals the three-dimensional
structure of nanomaterials over large fields of view, with quanti-
tative electron density contrast. The image of the object is retrieved
by an advanced phase retrieval algorithm as the diffracted wave is
proportional to the Fourier transform of the object*®. The PXCT
experimental setup and diffraction patterns with respective 2D
electron density projections are presented in Fig. 2a-d.

Reconstruction of ptychographic diffraction patterns. The
ptychographic reconstruction procedure consisted in applying a
combination of the relaxed averaged alternating reflections and
alternating direction method of multipliers methods, as described
by Glowinski and Le Tallec’, Luke*$, and Chang et al.#°. Assem-
bling all 2D reconstructions led to the full 3D dataset. We cropped
a region of interest around the sample and unwrapped the phase
for each projection. This provided a tomogram that did not satisfy
the Ludwig-Helgason conditions, necessary for tomographic
reconstructions since the projections were misaligned in both
vertical and horizontal directions. Alignment of projections has
been proposed in the literature, for instance as an iterative refine-
ment of each projection by the use of the filtered back projection
inversion scheme?. In this work, we applied an approach that
combines the scheme proposed by Prince et al.’!, using a least-
squares approach to find shifts and align the frames in the hor-
izontal direction. Subsequently, a momentum-based correction is
applied to finish alignment in the vertical direction. This approach
is parallelized and is therefore not time-consuming. Based on the
corrected and consistent tomogram, reconstructions were obtained
using an expectation-maximization-based method>2.

3D images of hollow fibers: analysis of porosity and inter-
connectivity. The high-performance computer reconstruction of
the collected 2D projections resulted in detailed 3D images of the
hollow fibers, with a voxel size of 23 nm x 23 nm x 23 nm. Such a

4

detailed model contains not only visual but also quantitative
information, and it was used to evaluate the porosity gradient
across the membrane walls for both hollow fibers membranes, as
shown in Fig. 3.

A dense skin layer is seen on the shell side of the hollow fiber
prepared with NMP/water in the bore fluid in a depth range
between 0 and 4pm. A porosity lower than 5% could be
quantified, followed by a gradual increase in porosity up to 59% at
a depth of 33.8 um, where a great part of the morphology consists
of finger-like cavities. Closer to the lumen (depth of 41-50 pm), a
sponge layer is observed, with a decrease of porosity to 20-30%,
followed by some increase to 47% at 52.4um, due to the
distinctive part with increased pore sizes. The sponge layer
becomes denser again approximating the lumen side, with a
porosity of 28% at 54 um and 15% of porosity just close to the
lumen surface. In comparison to this membrane, the one
prepared with EG/water bore fluid has a thinner (1.5 um) layer
with porosity as low as 1-3% within. Then, an open sponge
structure is present with porosity up to 46% down to a depth of
6.5 um. The porosity decreases to 30% just before the first finger-
like cavities initiate, corresponding to a gradual growth until
reaching the highest porosity of 74% at 46 um. The porosity drops
to 37% before the second layer of finger-like cavities. It increases
to 67% at a depth of 55.6-58.7 um, after which a gradual drop was
observed until reaching 2.8% close to the lumen. The total
porosity of the two membranes differs, with the double-
symmetrical hollow fiber prepared with EG reaching porosities
of 74% with two denser layers on the shell and the lumen side,
respectively. In comparison, 59% was quantified for the single-
symmetrical hollow fiber prepared with NMP, which has a
distinguished denser layer only on the shell side of the fiber. The
pore sizes in the dense layers with porosity lower than 5% are
below the resolution limits of what could be achieved with the
method demonstrated here. Pores below 26 nm remain unde-
tected. Quantitative information regarding the pore size above the
resolution limits can be easily extracted from the 3D reconstruc-
tions. Apart from the porosity, we were able to study the
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evolution of the diameter size of every detected pore channel
across the membrane thickness within the resolution limits
(26 nm diameter), to evaluate the pore size distribution and
changes across the entire membrane wall, from the shell to the
lumen side, as presented in Fig. 4.

For obtaining the pore diameter, the large cavities (represented
with the blue color in the 3D visualizations in Fig. 3) were

Depth (um)

0 10 20 30 40 50 60
b Depth (um)

Depth (um)

00 70 20 30 40 50 60 70 80
Depth (um)

Fig. 3 3D imaging of the membrane and porosity mapping as a function of

depth. Membranes prepared with the following solutions as bore fluid:

a 95 wt% NMP/5wt% water and b 90 wt% EG/10 wt% water. The depth

of O pm corresponds to the surface of the shell side.
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excluded, as their influence on the average pore size will be too
high to evaluate the sub-micron pores. The average pore diameter
for both hollow fibers was within the range of 50-200 nm, while it
must be considered that pores below 26 nm remain undetected,
due to resolution limits. For both fibers, the pore diameter did not
increase within the parts’ large cavities. The size increase was
instead well aligned with the highest porosity regions in the
cavity-free volumes. Therefore, the increased porosity in these
regions corresponds to the increased pore diameters and reflects
(after the cavities region) the second most open parts of the
membranes, where the expected mass transfer should be least
constrained. Such a conclusion will be valid only if the measured
pores are not dead-ended, in other words, the pores should be
interconnected across the membrane from the shell to the lumen
side. Therefore, further understanding of the complexity and
interconnectivity of the pore network is needed. A quantitative
analysis was obtained and is shown in Fig. 5. Detailed 3D
reconstructions of the porous structures of the two membranes
are shown in Supplementary Movies 1-6.

For both kinds of membranes, most pores were interconnected,
however, there are major differences between the distribution
within the two samples, as discussed above. The higher porosity
across the membrane wall of the membranes prepared with EG/
water instead of NMP/water is also visible in the interconnectivity
models. While most of the pores of the membranes prepared with
EG/water belonged to one interconnected network, there were
also smaller networks disconnected from most of the pores. These
disconnected pores were distributed across the whole membrane
volume, yet particularly pronounced closer to the lumen side of
the membrane wall. Even though the membrane prepared with
EG/water has a thicker wall and smaller selective pores, it has
higher water permeance. This can be explained by the higher
porosity across the membrane wall and higher interconnectivity.
The selectivity is driven by the smallest selective pores in the
membrane. The membranes prepared with EG/water reject
smaller molecules than those prepared with NMP/water. Yet,
the former has higher permeance, which indicates that the impact
of the membrane structure on the mass transport properties is far
beyond the selective layer and highlights the importance of
understanding the porous structure across the membrane wall.

Conclusions

The highly coherent X-ray beam generated by the 4th generation
synchrotron source allows for the non-destructive analysis via
PXCT with nanoscale resolution. The reconstruction of the X-ray
coherent diffraction patterns from different projection angles, not
only facilitated the visualization of complex porous morphology
throughout the entire membrane wall volume but also provided a

20

30

40

Depth (um)

50
60

70

Average Pore Diameter,|
0 100 200 300 400 500
Pore Diameter (nm)

80

Fig. 4 Pore size distributions from the shell to the lumen side. Hollow fibers prepared with bore fluids constituted by a 95 wt% NMP/5 wt% water and
b 90 wt% EG/10 wt% water. The black points represent the diameter change of every pore channel detected across the membrane that is within the
resolution limits (26 nm). The depth of O pm corresponds to the surface of the shell side.
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10 um

10 um

Fig. 5 Volumetric images of hollow fibers and pore-network interconnectivity. a, b 3D structure of the whole sample volumes and ¢, d high
magnifications of selected parts; e, f 3D visualization of the pore interconnectivity, the blue color representing the main interconnected network, the other
colors corresponding to unconnected pores. Hollow fibers prepared with bore fluids constituted by a, ¢, @ NMP/water and b, d, f EG/water.

detailed 3D quantitative model of the porous network. The pre-
sented PXCT method is not limited to the measurements of porous
structures but can be employed for resolving the nanostructure
details in large samples within soft matter. Furthermore, thanks to
the high-penetration depth of X-rays, PXCT allows for the analysis
of the samples where the sectioning for electron microscopy
methods is not feasible. The lack of vacuum requirements and the
absence of sample modification, such as heavy metal staining,
enable in situ analysis of samples in different environmental con-
ditions. These advantages, coupled with the non-destructive nature
of this technique, make it highly applicable in material science and
biology for the understanding of complex porous- and nanoma-
terials offering nanometer-scale resolutions for large sample
volumes and providing valuable quantitative information.

Methods
Hollow fibers fabrication. Polyetherimide hollow fiber mem-
branes were prepared by non-solvent-induced phase separation

using a dry-jet wet-spinning process. The dope solution consisted
of 20/10/70 wt% polyetherimide (PEI)/diethylene glycol (DEG)/
N-methyl-2-Pyrrolidone (NMP). PEI was obtained from Sabic,
Saudi Arabia, and DEG and NMP from Merck, Germany. The
mixture was stirred at 70 °C for 3 days until a clear solution was
obtained, followed by degassing under vacuum. The solution was
then transferred to a spinning tank and left undisturbed overnight
prior to spinning. Information about spinning conditions is
presented in Supplementary Table 1. The spun fibers were
washed with water for three days to remove residual solvent,
dried, and stored prior to further analysis.

Ptychographic X-ray computed tomography measurements.
The PXCT measurements were carried out at the Catereté
beamline®’ at the Sirius synchrotron facility>3. Direct illumination
from the first undulator harmonic (peak energy = 3.8keV) was
used for the 3D PXCT experiments, with a bandwidth of
AAA =2.06%. A 5um pinhole was used to define the confined
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coherent illumination impeding on the sample. We recorded the
coherent diffraction patterns using a PIMEGA 540D detector
(55 um pixel size and 3072 x 3072 pixels) (PiTec, SP, Brazil) placed
in a vacuum, 10 m downstream of the sample. 2D ptychographic
scans consisted of 2552 and 2240 diffraction patterns per projection
(for hollow fibers prepared with NMP/water and EG/water as bore
fluid, respectively) with an exposure time of 150 ms per diffraction
pattern. Sampling position trajectories for each 2D scan were set
using a grid, with an average step size of 1.25 um, resulting in an
80% overlap between successive steps. For each step size, we added
a random uncertainty of about 50%. The non-periodic steps break
the scanning symmetry and avoid the emergence of periodic arti-
facts in the reconstructed images®*. In such a way we obtained a
unique grid trajectory for each 2D ptychographic experiment. 645
and 498 and tomography projections were acquired, covering an
angular range of 154° and 150°, resulting in a missing wedge of 25°
and 30°, for hollow fiber prepared with NMP/water and EG/water,
respectively. The field of view covered in a projection across the
samples was 44 x 84 and 38 x 86 um? (horizontal x vertical) for
each of them. Because the tomography algorithm requires regular
angle steps between projections, an array of regularly spaced points
is created, and each projection is attributed to the array value that
best approximates the real angle value. The regular mesh presented
steps of 0.24° and 0.30° for hollow fibers prepared with NMP/water
and EG/water, respectively. The projections with low reconstruc-
tion quality were removed prior to the alignment of the frames. In
total, 498 and 169 projections were, respectively, used for the
tomographic reconstruction of the membranes. Further details on
the sample preparation are available in the Supplementary
Methods.

Ptychographic reconstruction. The 2D ptychographic recon-
structions were performed using a combination of the relaxed
averaged alternating reflections and alternating direction method
of multipliers methods as described in the main text. The data
were binned 4 x 4. Assembling all the 2D ptychographic recon-
structions led to the full 3D dataset. The resulting voxel size was
23.1 nm x 23.1 nm x 23.1 nm. The spatial resolutions of the pty-
chographic projections were determined by the Fourier ring
correlation method (Supplementary Fig. 2), using the half-bit
threshold criteria®>. We applied the splitting strategy presented in
the work of Koho et al.>®, where a single image is split into even/
odd subsets and these are correlated. The obtained resolution was
26 and 29 nm for the hollow fibers prepared with NMP/water and
EG/water, respectively, without data binning, to be compared to
29.5 and 30.5 nm in the case of a 4 x 4 binning. Further details on
the ptychographic image reconstruction and segmentation and on
the porosity and interconnectivity calculation are available in
the Supplementary Methods.

Data availability
The raw, reconstructed, and segmented data are available upon request. All datasets are
stored at cloud storage of CNPEM and KAUST and multiple back-up drives.
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