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Abstract 

Recent advances in the water-energy landscape hinge upon our improved understanding of the 

complex morphology of materials involved in water treatment and energy production. Due to their 

versatility and tunability for applications ranging from drug delivery to fuel cells, polymeric 

systems will play a crucial role in shaping the future of water-energy nexus applications. Electron 

tomography stands as a transformative approach for elucidating the intricate structures inherent to 

polymers, offering unparalleled insights into their nanoscale architectures and functional 

properties in three dimensions. In particular, the various morphological and chemical 

characteristics of polymer membranes provide opportunities for perturbations to standard electron 

tomography for the study of these systems. In this review, we discuss the applications of 

transmission electron microscopy in establishing structure-function relationships in polymeric 

membranes with an emphasis on traditional electron tomography (ET) and cryogenic electron 

tomography (cryo-ET). The synergy between ET and cryo-ET to unravel structural complexities 

and dynamic behaviors of polymer membranes holds immense potential in driving progress and 

innovation across frontiers related to water-energy nexus applications. 
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Introduction 

In the rapidly evolving landscape of the water-energy nexus, the interplay between water resources 

and energy production has emerged as a critical focal point for addressing global sustainability 

challenges. The efficient utilization of water resources and energy is essential for ensuring 

environmental preservation(1), economic growth(2), and societal well-being(3). Within this 

context, the development and optimization of advanced membrane technologies have gained 

prominence as promising solutions to enhance water treatment, desalination, and energy 

generation processes. For instance, reverse osmosis (RO) membranes are responsible for over 60% 

of the global water desalination capacity that is subsequently being used for agriculture, livestock, 

and energy production(4; 5). As the water-energy nexus continues to shape global sustainability 

priorities, an urgent need for developing materials characterized by minimal energy consumption 

for water treatment, and high efficiency in energy production, is being acknowledged by 

researchers and policy makers around the globe.  

Polymeric membranes stand out as a highly promising technology to address challenges in 

the water-energy nexus(6-8). The successful adaptation of these membranes in applications related 

to water treatment and energy generation primarily hinges on our enhanced understanding of the 

microstructures governing their physical and electrical properties(9-11). The morphology of 

membrane systems can be investigated through different means such as X-ray scattering(12-14), 

atomic force microscopy(15), and transmission electron microscopy (TEM)(16; 17), to name a 

few. To this end, scattering techniques (X-ray and Neutron)(18; 19) have been extensively used 

for the study of phase behavior in polymeric systems. Despite their numerous advantages, 

scattering methods struggle to reveal key morphological features that are relevant to transport, 

such as tortuosity, and spatial variation in microstructure and polymer properties. Hence probing 

the microphase structures and nanodomains of the polymers used in water treatment and energy 

production applications often relies on the employment of microscopy techniques. However, the 

utilization of conventional two-dimensional (2D) microscopy and spectroscopy methods rests on 

the significant presumption that 2D depictions entirely encapsulate the three-dimensional (3D) 

essence of polymeric membranes and systems.  

 

1. General Principles of Electron Tomography (ET) 

1.1.  Morphology Characterization in Three Dimensions 
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The vertical heterogeneity of polymer membranes along the thickness of the film can be imaged 

by preparing cross-section samples with a focused ion beam (FIB) or microtome(9; 20; 21). In 

principle, X-ray or neutron reflectivity(22; 23), X-ray photoelectron spectroscopy(24), or time of 

flight secondary ion mass spectrometry (ToF-SIMS)(25; 26) can also produce depth profiles. Each 

of these techniques suffers from some limitations; for instance, when using a FIB, structural or 

chemical damages due to local heating caused by ion beams can alter the micro- and nanostructure 

of the polymer. Similarly, microtoming, which involves slicing polymer thin sections from bulk 

samples, can introduce deformations and artifacts in soft samples. Depth profiles provide average 

information as a function of film thickness but do not reveal the structural details that lead to the 

average properties. Tomography techniques provide unparalleled insights into the heterogeneity 

of polymeric membranes and functional materials in 3D. Tomography methods such as X-ray 

tomography, allow 3D reconstruction of the internal morphology of a specimen through a 

collection of 2D projections at different tilt angles(27-30). In addition to X-ray tomography, 3D 

imaging based on transmission electron microscopy techniques has emerged as a pivotal tool in 

unraveling the intricate structural characteristics of membranes, enabling researchers to design and 

engineer high-performance membranes for a variety of water-energy nexus applications(31-33). 

The direct imaging of the structures, high spatial resolution (nm to Å ranges), and the ability to 

image lightweight elements can be named as some of the main advantages of Electron 

Tomography (ET) for studying organic and polymeric systems. 

 

1.2.  3D Reconstruction of Organic Specimens 

Full 3D reconstruction of a specimen using TEM can be produced using two mian approaches, 

single particle reconstruction and tomography. Each micrograph from TEM data collection can be 

regarded as a 2D projection of a 3D object. In single particle analysis, these projections are 

classified based on their spatial orientation and eventually organized into preferred 

orientations(34-36). In the next step, through an iterative process, the classified special orientations 

are used for a more accurate determination of projection angles. To achieve a good final resolution 

(better than 1 nm) in a reconstructed 3D structure, a large number of individual images (on the 

order of thousands of images) with an even distribution of identical particles in each image (over 

10 particles per image) are usually needed. Hence, the single-particle approach is limited to the 

specimen with a homogenous distribution of identical particles. In cases such as interfacial science 
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and polymeric membranes, ET presents the best means to collect 3D information on the specimen. 

Here, 2D projections of a 3D object are collected as a series of tilt angles, which are then back-

projected to reconstruct a 3D model.  

 

1.3.  Tilt Series Acquisition 

Although the use of ET in material and biological science can be regarded as a gradual progression 

involving the collective efforts of numerous scientists over several decades, the first employment 

of the modern ET concept can be dated back to the 1960s(37; 38). As mentioned earlier, ET is 

based on 2D projections acquired at a series of different tilt angles, making up a “stack.” In the 

next step, the 2D projections are aligned and combined to create a 3D representation of the object 

(tomogram). The Fourier Slice Theorem is the fundamental mathematical relationship of 3D 

reconstruction. This theorem connects the two-dimensional Fourier transforms of a 3D object and 

its corresponding 2D projections. The theorem states that the Fourier transform of a 2D projection 

at angle θ is equal to the specific slice of the 3D Fourier transform of the initial object at the same 

angle θ. In practical terms, the Fourier Slice Theorem allows for the reconstruction of a faithful 

3D tomogram from its 2D projections by simply taking the inverse Fourier transform of the 

acquired projections after the generation of aligned stacks. Typically, fiducial markers are used for 

alignment purposes; these markers are comprised of 5-10 nm gold nanoparticles that are evenly 

distributed across the sample surface through drop casting, a nebulizer, or dissolving in isopentane-

based cryogenic solvents for prolonged low temperature data collection. Fiducial markers allow 

for the alignment of each image, and automatic image focusing during the data collection(39). On 

the other hand, manually focusing during image collection, albeit a slower process, can produce 

higher quality images, especially at higher tilt angles. For further in-depth information on 

tomography and the algorithms employed for the 3D reconstruction of tilt series, we refer the 

readers to more comprehensive sources(40-42). 

 

1.4.  Resolution 

In ET, resolution of final 3D models is often limited by two main factors, restriction of the tilt 

angles (both in terms of the number of tilt angles and the range, usually between -70° and 70°), 

and electron radiation damage during extensive data collection at different angles. By considering 

the x-y plane as the imaging plane and the x-axis as the tilt axis, it can be seen that ET inherently 
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under-samples the specimen along the y-axis due to sample rotation. Hence, assuming a perfect 

alignment and experimental procedures, the resolution along the x-axis is equal to the instrumental 

resolution acquired in normal 2D images while the resolution along the y-axis is further reduced. 

For a reconstruction of diameter D over a full ±90° tilt range, an estimation of the best dy resolution 

can be written as dy = πD/N, where N is the number of equally spaced projections in a tilt series.  

The resulting reconstructed tomograms consist of layered brightness-containing pixels to 

form voxels (3D version of the pixel) with the lowest resolution associated with the projection 

direction (z-axis). The images serve as a map of intensity-per-pixel based on brightness versus 

concentration of electrons transmitted through the sample at a particular pixel. Finally, the voxels 

are summed to create a larger array containing all sample information needed for reconstruction. 

The lower resolution along the projection direction is mainly caused by the tilt angle range 

restriction (usually within ±70°) which causes the formation of a missing wedge (see Fig. 1). This 

usually leads to an elongation along the projection direction with the elongation factor (eyz) being 

defined as dz = exydy where dz is the best achievable resolution along the z-axis. For a tilt range 

between -70° to +70° the elongation factor is calculated to be ~1.3(43). However, the experimental 

results show the elongation factor can be smaller than the predicted value with exy = 1.1 reported 

for ±70° for a rod-shaped sample of zirconia fillers in a polymer matrix(44). The detrimental effect 

of the missing wedge on resolution along the projection axis can be reduced by performing 

tomography over two perpendicular axes instead of one, thus reducing the missing wedge to a 

missing cone/pyramid(45). In addition to the inherent limitations of resolution along the y- and z-

axis, other technical factors such as sample thickness(46; 47), microscope stability, and beam 

damage can also affect the resolution of the final reconstructed 3D model.  
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Fig. 1. a) Schematic of tilt series collected at different angles. Δθ angle increment between each 

subsequent tilt scan. Formation of the missing wedge (b) and missing cone (c) in single and double 

tilt series data acquisition.   

 

TEM samples should be 100 nm or less to minimize multiple scattering events; often for 

carbonaceous materials the inelastic scattering cross-section, and not the elastic cross-section, is 

limiting (48). As the sample is tilted, the section of the sample that the beam must penetrate 

increases, the need to have the sample at the eucentric height increases substantially, and the 

probability of inelastic scattering events increases. The path length difference as a function of tilt 

angle, α, is governed as ~1/cos(α)(49). Furthermore, the holder and the grid can block the beam. 

Tomography holders are constructed to minimize beam blockage, where the viewing area is 

designed as ellipsoidal for maximizing the field of view during a tilt series acquisition. Other 

holders are designed to be used with half-circle grids to minimize interference with imaging.  

Various strategies are also being utilized to mitigate radiation damage during the 

acquisition of tilt series data, with the most effective approach found to be conducting ET 

measurements at cryogenic temperatures. In cryogenic transmission electron microscopy (cryo-

EM), samples are frozen at a cryogenic temperature (below -150 °C). The reduction in specimen 

temperature first and foremost decreases atomic and molecular diffusion, such that the atomic 

arrangement, even if damaged, can be preserved. Furthermore, various other aspects may 

contribute to the reduction of damage, such as the lower rate of inelastic scattering due to the 

reduced vibrational energy of atoms at low temperatures, and the higher ionization potential of 

atoms at lower temperatures that reduces the change of ionization damage and secondary 

degradation events(48). In addition, as we discuss later in this review, cryogenic electron 

tomography (cryo-ET) also allows the preservation of the hydrated states in polymer membranes, 

which is crucial for the detailed study of microstructures in these systems in an aqueous 

environment. To further reduce beam damage during data collection, low-dose data collection with 

the capability of focusing and tracking on an area close to the area of interest has also been 

exploited(50).  

 

2. Electron tomography (ET) of Polymeric Systems  

2.1. Electron Tomography of Water Desalination Membranes 
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Membranes employed for desalination via reverse osmosis (RO) must be capable of especially 

high rejection of sodium chloride, with a lower limit of 99.3 percent for single-pass treatment of 

seawater feeds(51). Commercial RO membranes achieve this separation by employing a dense 

polymer active layer, typically fully aromatic polyamide, supported by a microporous polysulfone 

layer and a non-woven polyester backing to provide structural integrity(52; 53). The active layer 

in these thin-film composite membranes is synthesized directly on top of the polysulfone layer 

through interfacial polymerization, a rapid reaction between amine and acid-chloride monomers 

at the interface of immiscible phases (commonly aqueous m-phenylenediamine and trimesoyl 

chloride in hexane)(54; 55). This reaction results in a crosslinked polymer film with a rough 

surface, internal voids, and inhomogeneous distributions of polymer density and charge(56; 57). 

Application of electron tomography to the polyamide active layer of RO membranes allows this 

complex morphology to be resolved in three dimensions, and synthesis-structure-performance 

relationships to be examined at the nanometer scale. 

She et al. demonstrated that ET can be applied to the active layer of a commercial thin-film 

composite membrane. Their objective was to compare the nanostructure of a polymeric 

nanofiltration (NF) membrane with that of a model biomimetic filter (specifically a silica-based 

diatom frustule)(58). NF thin-film composite membranes function similarly to RO thin-film 

composites, with separation achieved by a dense active layer. The amine monomer in NF 

interfacial polymerization is typically replaced by piperazine, and the resulting membranes exhibit 

higher flux but lower sodium chloride rejection(51). The authors prepared NF samples for TEM 

tomography by applying a thin coating of platinum to the surface of a commercial membrane 

before milling with a FIB and transferring to a supported TEM grid. Inhomogeneity in the active-

layer structure was observed at the nanoscale, indicating the advantage of 3D imaging over two-

dimensional methods previously employed. While their work establishes that ET can successfully 

reconstruct the 3D morphology of the polyamide active layer of a commercial membrane, the 

authors noted that “major challenges remain” in regard to sample preparation, tomography holder 

design, and accurate alignment during reconstruction (58). 

As part of a study investigating the relationship between active-layer structure and 

membrane performance, Pacheco et al. utilized ET to compare the structures of brackish water 

(BW) and seawater (SW) RO membranes, the latter having lower water permeance. The authors 

isolated the polyamide active layer of thin-film composite membranes by mounting the samples 
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on TEM grids and then dissolving the polysulfone layer with chloroform, eliminating the potential 

for sample damage introduced by FIB milling. TEM tomography was performed at 300 kV over 

±70 degrees with a Saxton tilt scheme beginning with 2-degree increments, and reconstruction was 

performed via back-projection; the final resolution of the resulting tomograms was ≤ 5 nm for the 

xy-plane and approximately 10 nm in the z-direction. Reconstructions of the BWRO and SWRO 

membranes both exhibited internal voids that decreased in size approaching the back surfaces of 

the active layers. However, the authors found that the SWRO membrane showed significantly less 

void space overall than the BWRO membrane and that voids of similar size to those in the BWRO 

membrane were enclosed in thicker polyamide when present in the SWRO sample. They suggested 

that the decreased permeability of their SW sample was due to the increased mass-transfer 

resistance resulting from these structural differences in its active layer. It was also observed that 

some voids opened to the back surface of the active layer, while others were completely surrounded 

by polyamide and closed to both surfaces of the film, revealing more about potential transport 

pathways in RO membranes(59). 

Li et al. performed a study of flow activity in a commercial SWRO membrane by 

characterizing the deposition of gold nanoparticles of various sizes and charges on the active layer 

after filtration from either the front or back of the thin-film composite membrane. Two-

dimensional imaging of sample cross-sections was performed following filtrations. Briefly, the 

authors found that the smallest particles (1 nm diameter) filtered from the back side were able to 

cross the polyamide-polysulfone interface and reach the nodules at the front surface, suggesting 

that these features have open pathways from the back side of the film. It was also observed that 

positively charged particles “preferentially aggregate at the surface of the [polyamide] film,” 

indicating that this region has a higher density of carboxyl groups. After front-side filtration of 5-

nm particles, aggregates were observed in apparent voids, revealing that these features are actually 

open to the top surface of the active layer. In order to gain further insight into the polyamide 

structure, the authors utilized scanning transmission electron microscopy (STEM) tomography to 

image active-layer samples isolated similarly to those prepared by Pacheco et al. The authors 

examined the basal layer of the reconstructed active layer separately and observed “discrete voids, 

of 5-50 nm in diameter” with a total void fraction of approximately 27 percent. At the top surface 

of the reconstruction, it was determined that many features that appear to be discrete voids in cross-

section images are actually open to the outer surface of the active layer, confirming the results of 
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the front-side nanoparticle filtration experiments. The authors also examined membrane 

performance in cross-flow filtration at 290 psi over 78 hours and observed an increase in salt 

rejection from 80 to 98 percent. They contribute this improvement in the rejection to compaction 

of the membrane, suggesting that compaction may have important impacts on active-layer 

structure(60). 

Culp et al. performed a study focused on the use of ET for the characterization of thin-film 

composite membrane active layers, comparing the structures of a BWRO and a SWRO membrane. 

Notably, the membranes were compacted in cross-flow filtration (150 psi for 12 hours) prior to 

analysis. Active layers were isolated by mounting thin-film composite samples polyamide-side 

down on a water-soluble, sacrificial layer of polymer coated on a silicon substrate. The polysulfone 

support was dissolved by organic solvents and the isolated polyamide layer dried before floating 

and transferring to TEM grids by dissolving the sacrificial layer. The authors demonstrated that 

the isolation of compacted polyamide films results in minimal changes to the surface morphology 

compared to virgin membranes via atomic force microscopy, and that “significant morphological 

changes for hydrated membranes are not expected” for compacted samples by measuring hydrated 

thicknesses in humidity-controlled ellipsometry. High-angle annular dark-field (HAADF) STEM 

tomography was utilized; the use of HAADF yields voxel intensities that are directly proportional 

to sample density, offering further insight into structural inhomogeneities. The reconstructed active 

layers confirmed previous evidence of apparent voids near the surface being open features 

contributing to the surface area (see Fig. 2). The total surface area for the 3D reconstructed 

tomograph of membranes was determined to be approximately twice that measured by atomic 

force microscopy, which highlights the importance of ET for studying nanostructure of RO 

membranes. Additionally, closed voids in the compacted active layers were found to account for 

less than 0.2 percent of the total volume, two orders of magnitude below the values reported for 

virgin membranes; the authors observe that both membranes contain a void-free region near the 

bottom of the polyamide layer and suggest that closed voids have little impact on transport overall. 

Finally, the intensity-density proportionality resulting from HAADF imaging was used to examine 

local variations in polyamide density. The authors observed that both membranes had 

inhomogeneous density distributions on the nanoscale. While polyamide density at the “bottom 

surface is on average of higher density compared with the middle of the film,” the highest densities 

were observed at the top surface, particularly in protruding features. The authors suggest that the 
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limiting barrier for water permeance is therefore at the top of the active layer, supported by the 

higher average voxel intensity seen in the SWRO membrane, which has a lower permeability than 

the BWRO sample(61). 

  

Fig. 2. a) Isolation process of polyamide to be used for ET. b) AFM images of polyamide top 

surfaces before and after isolation. c) Schematic of ET and tilt series collection. d) Volume 

rendering image of compressed seawater high-rejection (SWHR) membrane. Reprinted with 

permission from (62). 

 

In a subsequent study, Culp et al. expanded on this methodology to produce quantifiable 

polymer densities in reconstructed polyamide active layers and relate density inhomogeneity to 

membrane performance. The authors performed a multi-modal electron microscopy approach, 

where HAADF-STEM tomography was done as previously described on a series of four 

membranes that displayed a counterintuitive increase in water permeability despite increasing 

active-layer thickness (see Fig. 3), and energy-filtered TEM was used to obtain average properties 

for the active layers (corroborated by ellipsometry measurements).  This enabled the authors to 
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determine the polyamide density (and therefore water diffusivity) for each voxel in the 

reconstructed active layers. Water diffusion pathways in the reconstructed active layers were 

modeled by computationally solving Fick’s Law for each voxel. The authors found that the 

predicted and measured water permeabilities for the four membranes were in good agreement and 

that the membrane with the highest permeability “[had] the lowest average density and narrowest 

density distribution.” Samples with increased density homogeneity required less lateral diffusion 

of water within the active layer and therefore exhibited higher permeability despite increasing 

thickness(63). 

 

  

Fig. 3. a) and b) 3D isosurface of two different polyamide membranes PA1 and PA4, respectively. 

x-z plane with colorized voxel of PA1 c), and PA4 d), polymer density e), and f, scaled fractional 
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free volume, g) and h), and diffusion coefficient of water i), and j) in PA1 and PA4 RO membranes. 

Scale bars are 200 nm. Reprint with permission from (33). 

 

Further study of the protruding surface features of RO membranes can also clarify 

structure-performance relationships. Kurihara and Hanakawa used cross-section TEM and ET to 

image individual protruding features on RO membranes(64). Song et al. “adapted methods from 

the biological sciences for quantitative morphological analysis” of tomograms of polyamide films. 

The authors performed interfacial polymerization of m-phenylenediamine and trimesoyl chloride 

on the surface of a polysulfone support coated with a sacrificial layer of cadmium hydroxide 

nanostrands; the sacrificial layer was etched to float the polyamide film and transfer to a TEM 

grid. TEM tomography was performed over ±60° in 2-degree increments, and reconstruction was 

generated via back projection with a final resolution of 0.68 nm. The authors focused on achieving 

low-dose imaging to prevent altering the polyamide nanostructure during image acquisition. A 

number of quantitative analyses were performed (see Figure 4 for examples of 3D reconstructed 

and rendered volume of PA membranes). It was observed that the crumples on the active layer 

surface significantly increase the surface area relative to the projected area, with the ratio ranging 

from 3.5 to 15.7 in this study. The structures of individual polyamide crumples were also examined 

in greater detail. As in previous studies, the authors found that some voids are open to the back 

surface of the active layer while others are surrounded completely by the polymer. They observed 

that the active-layer crumples ranged from 4 to 30 percent void by volume within the 

reconstruction of their synthesized film. Analysis of the local curvature of the crumples was also 

performed to gain insight into interaction environments for a solute approaching the crumple 

surface. Based on their findings, the authors divided the polyamide crumples into hollow 

hemispherical domes, elongated dimples, and clusters that are more convoluted. Further analysis 

was performed to quantify the local, 3D variation of polyamide thickness within crumple 

structures. It was determined that “dome crumples have the smallest local thickness, suggesting a 

shorter permeation pathway for solvent molecules,” while dimpled and clustered features have 

bimodal thickness distributions. Overall, these findings suggest that active layer structure could be 

the result of uniform pieces of polyamide film collapsing to form more complex structures during 

the interfacial polymerization process. Crumples of the three classes were also skeletonized, and 

similar distributions of branch lengths were observed regardless of the overall structure, suggesting 
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an active-layer feature specific to interfacial polymerization parameters. Finally, the adsorption of 

metal ions to the polyamide surface was characterized by STEM energy-dispersive X-ray 

spectroscopy, with lead showing site localization, which is indicative of a structure-performance 

relationship(65). 

  

Fig. 4. a) 2D slice of a reconstructed 3D tomogram of PA film. b) 3D tomograph of PA film. c) 

Side view of reconstructed 3D tomograph and AFM PA film. d) Individual crumples are shown in 

different orientations, the void spaces are shown in purple. The scale bar corresponds to 200 nm. 

Adapted with permission from (65). Copyright 2019 American Chemical Society. 

  

An et al. furthered the application of biological morphogenesis to the analysis of thin-film 

composite active layers at the nanoscale. Examining the effect of varying monomer concentrations 

on the resulting structures of a series of polyamide films, the authors applied machine learning to 

classify morphological features and theoretical modeling to predict permeance based on the results 

of ET. As in their previous study, low-dose ET was utilized to produce reconstructions with 0.68 

nm resolution. Polyamide films were synthesized by interfacial polymerization of varying 

concentrations of aqueous m-phenylenediamine (1 to 5 w/v%) and trimesoyl chloride in hexane 

(0.05 to 1 w/v%). While structural differences resulted from various synthesis conditions, the 
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authors observed that no differences in morphology remained for reaction times beyond one 

minute. Both isolated and clustered nodules were observed for the polyamide films, with structures 

suggesting the simultaneous occurrence of pore formation and nodule protrusion during interfacial 

polymerization. Furthermore, the pores seen in the reconstructions were resolved as concave areas 

formed due to the protrusion of a continuous membrane rather than open pores crossing the 

polyamide film(66). 

Analysis of the spatial distribution of these pores was performed, and the authors 

determined that the characteristic wavelength between neighboring pores directly relates to 

monomer concentrations during interfacial polymerization. This provides unique quantitative 

support for the suggestion that the synthesis of these films involves a Turing reaction-diffusion 

instability. It was also determined that the areal density of pores subsequently impacts the 

formation of either solo or clustered features in the polyamide. Reconstructions were also used in 

predicting permeance for the synthesized polyamide films. True surface area, local thickness, and 

degree of cross-linking (determined from X-ray photoelectron spectroscopy) were used with the 

Speigler-Kedem model to calculate permeance in good agreement with experimental values. The 

authors found that differences in membrane structure contribute to 49.3% of the modeled 

permeance, while the remaining portion can be attributed to variations in material properties, 

supporting the importance of 3D, morphological characterization in the analysis and understanding 

of thin-film composite membranes(66). 

Finally, An et al. utilized machine learning to categorize crumples through morphometry 

analysis. Solo crumples were found to belong to three distinct groups (dome, dimple, and pancake). 

These solo crumple group types and the presence of clusters were consistent across membranes 

prepared from varying concentrations in interfacial polymerization. The authors demonstrated via 

liquid-phase atomic force microscopy that the mechanical properties of these features vary 

between the distinct types. Therefore, they suggest that variation in the distribution of these group 

types may be used as a tunable parameter (via synthesis) to control the mechanical robustness of 

polyamide membranes(66). Yao et al. further developed this machine-learning methodology for 

the analysis of synthesis-nanomorphology relationships in general. Application of their workflow 

to the polyamide system explored previously identified an additional crumple group type (lay) and 

allowed the authors to infer that a high trimesoyl chloride concentration could lead to the formation 

of smaller crumples(67). 
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Li et al. utilized neural network-assisted image segmentation to improve the segmentation 

of polymer and vacuum regions in TEM tomograms of thin-film composite polyamide active 

layers. They were able to significantly reduce the time required for processing of tomogram data. 

The authors also utilized simplified sample preparation methods and demonstrated reconstruction 

analysis with results in agreement with previously reported values. They propose an overall 

workflow from sample preparation to data post-treatment for expedited processing of thin-film 

composite samples through TEM tomography analysis(68). 

 

2.2. Electron Tomography of Polymer Electrolytes in a Dry State 

Ionomers are of paramount importance in the transition to a sustainable energy future. The use of 

ionomers as polymer electrolytes facilitates efficient and low-temperature proton conduction, 

making polymer electrolyte fuel cells promising candidates for clean and reliable power generation 

in various applications, including vehicles and portable electronic devices. Nafion as the most 

widely used ionomer consists of tetrafluoroethylene backbones and hydrophilic perfluoroether side 

chains with sulfonic acid termini. The morphology and internal structure of Nafion is a matter of 

great interest for establishing structure-function relationships in this class of ionomers(11). The 

functionality and operational stability of Nafion-based devices are directly correlated to the 

distribution of hydrophobic and hydrophilic nanodomains. For instance, the formation of 

nanoscale ion-depleted regions has been shown to be correlated to the propagation of microcracks 

in Nafion which in turn leads to mechanical degradation of these systems(69). In addition, Nafion 

applications extend far beyond polymer electrolyte fuel cells, encompassing biosensing(70; 71), 

batteries(72; 73), and water electrolysis(74; 75), where films with thicknesses varying from tens 

of nanometers to micrometers are essential. Thus, understanding Nafion morphology in 3D plays 

a crucial role in greater control of its properties. Recently, ET has received great attention in the 

characterization of Nafion nanostructure and phase distribution. This section highlights a few 

examples of ET applications in the characterization of Nafion ionomers. 

Due to low contrast between hydrophilic and hydrophobic phases, high-resolution electron 

microscopy of Nafion is usually carried out using negative(21), or positive(76), (77) staining 

methods. In a recent study carried out by Peltonen et al., the 3D morphology of unannealed Nafion 

was investigated using HAADF-STEM tomography in films with different thicknesses (ranging 

from 10 to 100 nm)(21). In this study, negative staining with uranyl format (UF) was used to 
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improve the contrast between hydrophilic and hydrophobic phases. STEM tomography revealed 

the existence of elongated hydrophilic channels in the dry state of Nafion films, a characteristic 

typically associated with hydrated Nafion samples. Here, the presence of bicontinuous hydrophilic 

channels in a dry Nafion specimen was associated with the UF absorption by the hydrophilic 

channels, which in turn acted as filler and caused partial retention of a hydrated state. Furthermore, 

STEM tomography of Nafion films with different thicknesses revealed that the volume ratio 

hydrophilic/hydrophobic is nearly thickness independent. While the hydrophilic channels 

appeared to be more interconnected (7 nm channel to channel distance) in thicker films, STEM 

tomography revealed the formation of a higher density of dead-end channels when Nafion films 

are thicker. STEM tomography results show that the hydrophilic channels had an in-plane 

preferential orientation, with the exception of 10 nm and 30 nm thick Nafion films, that showed 

the presence of channels with out-of-plane (z-axis) orientation, which had been associated with 

substrate confinement effects. In summary, exploiting ET allowed the authors to characterize the 

nanostructure of Nafion thin films in detail, and obtain key information, such as the distribution of 

hydrophilic phases. 

Another important aspect of the 3D morphology of Nafion is the necessity of bicontinuous 

phases as an ionomer binder in polymer electrolyte fuel cell electrodes(31; 78). These electrodes 

are composed of carbon black supporting platinum nanoparticles, with Nafion serving as the 

ionomer binder. To achieve cost proficiency, Pt loading in the cathode electrode needs to remain 

close to a minimum level (10-20%) without sacrificing polymer electrolyte fuel cell 

functionalities(79). Nafion’s microstructures in polymer electrolyte fuel cell electrodes need to 

meet three main criteria, i) ensure contact with a maximum number of Pt nanoparticles, ii) maintain 

connectivity of ionic channels, and iii) allow efficient gas diffusivity through the electrode 

assembly. To establish the role of Nafion as a binder in electrodes, two sets of samples with 

different amounts of Nafion in the initial ink were investigated (sample 1, 33 wt%, and sample 2 

17 wt%) by Lopez-Haro et al(78). HAADF-STEM tomography was employed to collect tilt series 

images of carbon black covered Nafion layers. It was revealed that increasing the Nafion 

composition in the ink did not have a significant effect on the average thickness of the ionomer 

layer 7.2±2.1 nm versus 7.6±2.2 nm for 33 wt% and 17 wt% samples, respectively. On the other 

hand, the tomography results showed a clearly different degree of coverage for these samples-- 

amounting to 79.5±2.3% (see Fig. 5) for sample 1, and only 49.9±1.2% for sample 2. The ET 
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results revealed that the optimal amount of Nafion for full coverage of Pt and carbon black and 

catalytic performance is 30 wt%, while the connectivity between ionic transport phases could be 

achieved at lower Nafion composition. 

 

 

 

Fig. 5. Orthoslices of sample 1 in imaging plane and projection direction extracted from 

reconstructed tomograms. 3D reconstructed and rendered volume of sample 1. The blue areas show 

the stained Nafion ionomers and the transport regions show CB. The scale bar corresponds to 200 

nm. Adapted with permission from (78). 

 

2.3. Electron Tomography Applications in Polymer Solar Cells 

Polymer solar cells hold significant promises in energy conversion and generation 

technologies(25; 26) due to their lightweight nature, chemical and mechanical flexibility, and 

adaptability for role-to-role processing. Nanoscale 3D morphology plays a significant role in the 

performance and stability of polymer solar cells(25; 80). Polymer solar cells generally consist of 

electron donor and electron acceptor materials mixed in a bulk heterojunction morphology. 

Nanoscale phase separation and charge percolation pathways can be named as two of the main 

requirements to achieve highly efficient polymer solar cells. Nanoscale phase separation is 

required in order to dissociate the photo-generated excitons to free charges. These exciton 

dissociations take place at the interface of donor/acceptor materials. Due to the limited lifetime 

and diffusion length of excitons (20-50 nm) a morphology with nanoscale phase separations is 
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required for efficient exciton dissociation. In the next step, free charge carriers generated at the 

donor/acceptor interfaces need to be collected at opposite electrodes through percolating pathways 

to generate a photocurrent. The importance of nanoscale morphology in all three dimensions 

makes TEM, and ET in particular, ideal tools for morphology characterization(81-83).  

 Yang et al. carried out the first study exploiting ET to investigate the 3D morphology of 

polymer:fullerene blends based on poly[2- methoxy-5-(30,70-dimethyloctyloxy)-1,4-phenylene 

vinylene] (MDMO-PPV) as a donor and the fullerene derivative [6,6]-phenyl-C61-butyric acid 

methyl ester (PCBM) as an acceptor(84). This study revealed that in MDMO-PPV:PCBM blends, 

PCBM rich phases are surrounded by MDMO-PPV in all three dimensions. In a follow-up study 

on the 3D morphology of MDMO-PPV:PCBM, the authors showed that nanoscale PCBM-rich 

domains are interlinked with PCBM-rich strands, the combination of which formed percolation 

pathways for dissociated electrons. The use of ET was further extended to other donor:acceptor 

systems such as poly(3-hexylthiophene) (P3HT):PCBM blends. In particular, the effect of thermal 

and solvent annealing, as post-processing procedures, on the morphological properties of 

P3HT:PCBM was characterized using ET. Consistent with former studies(82), in this work 2D 

TEM micrographs confirmed the formation of P3HT fibers after annealing at elevated 

temperatures and solvent exposure while the overlapping features of fibers through the thickness 

of the blends resulted in difficulties in the quantification of fibers’ length and distribution. ET 

revealed the presence of nanoscale networks of both P3HT and PCBM in 3D while such a network 

could not be detected in as-prepared samples (As shown in Fig. 6). 3D ET also pointed to the 

enrichment of crystalline P3HT phases close to the bottom interface (hole collecting electrode in 

conventional geometry). The application of ET to resolve such vertical and lateral heterogeneities 

is crucial for establishing structure-function relationships in polymer solar cells. Nevertheless, the 

low electron scattering contrast between the new generation of non-fullerene acceptors and 

polymer donors could hinder the application of ET in these systems. Recent developments in the 

field of electron detectors and sample processing techniques, such as staining, create new avenues 

to investigate the 3D morphology of polymer:non-fullerene blends in nanoscale details using ET 

(85). 
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Fig. 6. Aligned TEM micrographs parallel to the electron beam incident axis (imaging plane) at 

three different positions with respect to the top interface for a) to c) as-prepared samples, e) to g) 

thermal annealed samples, and i) to k) solvent annealed samples. The reconstructed 3D volume of 
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d) as prepared, h) thermal annealed, and l) solvent annealed samples. The dimensions of each 

micrograph are about 1700 nm × 1700 nm. Reprinted with permission from (86). Copyright 2009 

American Chemical Society. 

 

3. Cryogenic electron tomography (cryo-ET) 

As mentioned before, radiation damage is one of the main factors limiting the resolution of 

reconstructed tomograms of polymeric systems. In addition, establishing structure-function 

relationships in systems such as polymers electrolytes, and biomolecules(87) requires preserving 

the hydrated or aqueous state of these systems. Subsequently, cryo-EM has been rapidly becoming 

an attractive technique for the characterization of organic systems. For example, cryo-EM 

combined with tomography capabilities creates a unique opportunity for studying polymeric 

membranes in the hydrated state(88-90). Although cryogenic electron tomography (cryo-ET) has 

the potential to improve the resolution of reconstructed tomographs, phenomena such as buckling 

of the ice layer can lead to beam-induced motion in the microscope(36; 91). This further 

emphasizes the importance of auto-tracking and auto-focus functions during the acquisition of the 

tilt series.  

Plunge freezing is the standard and most widely used method for the preparation of 

hydrated cryo-EM samples. This method was first developed by Dubochet et al. in the 1980s to 

suppress the formation of ice crystals in vitrified thin aqueous films(92; 93). In this method, excess 

amount of solution (usually water) is removed by blotting the TEM grids using filter paper. 

Subsequently, the blotted grid is plunged into liquid ethane as the coolant liquid. In the cases of 

organic solvents, generally liquid nitrogen is used as the coolant liquid due to the solubility of 

organic solvents’ ice in liquid ethane or propane(94; 95). Over the years more methods of sample 

preparation for sample vitrification have been developed by researchers, which can be categorized 

as droplet-based and scribing-based methods in addition to the traditional blotting method(96) (as 

shown in Fig. 7). In droplet-based techniques, millimeter sized droplets are formed which 

subsequently land on the TEM grid. Due to the elimination of the blotting step in this method, 

vitrified samples can be prepared at a higher rate compared to the blotting method. On the other 

hand, in the scribing-based method, a sample is hovered over a TEM grid without directly touching 

the grid. As a result, a thin layer of liquid fills the holes on TEM grids. The presence of shear force 
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in the coating of the material makes this method also amenable to the coating process used for the 

preparation of organic thin films. 

 

Fig. 7. Schematics of a) blotting, b) droplet, and c) scribing-based techniques for vitrification and 

preparation of cryo-EM samples. 

 

Although the unique advantages of cryo-ET had been discovered and known in the field of 

biological science(46; 97; 98), its applications for synthetic materials remained mainly unexplored 

until the last decade. In 2008 Parry et al. presented the first example of cryo-ET use for the 

investigation of the internal structure of amphiphilic double-comb block copolymer with 

hydrophobic leucinyl-valinyl-leucine methyl ester (LVL) and hydrophilic oligo ethylene glycol 

(OEG) side chains(99). In this work, cryo-ET provided compelling evidence, revealing an internal 

structure characterized by a bicontinuous network of branched peptide-containing worm-like 

micelles. The presence of such bicontinuous nanostructures intertwined with the hydrated channels 

in an aggregate dispersion would be hard to observe using conventional X-ray scattering 

techniques, if at all possible. The authors further show that the aggregation behavior of the 
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hydrated double-comb block copolymer used in this study was directed by the specific amino acid 

sequence of the peptide graft rather than by the hydrophilic–hydrophobic balance of the polymers. 

 Since then, the unparalleled advantage of cryo-ET in resolving internal nano- and 

microstructures of polymer aggregate dispersions has been exploited by different groups. 

McKenzie et al.(100) showed a temperature-dependent behavior of bicontinuous microstructures 

formed in poly(ethylene oxide)-block-poly(octadecyl methacrylate) (PEO39-b-PODMA17). Cryo-

ET revealed a bicontinuous PODMA-rich network intertwined with hydrated PEO channels, for 

the solutions vitrified at 4 °C (Figure 8). Cryo-ET further revealed that vitrification of the 

aggregate solution kept at a higher temperature (45 °C) leads to the loss of the complex 

bicontinuous phase. The lack of microstructures in higher-temperature processed samples was 

associated with the melting of the octadecyl chains in the aggregates (Ttrans = 21.8 °C). Here the 

use of cryo-ET provided the capability to capture the temperature-responsive morphology of block 

copolymers. In general, the variety of complex microstructures and aggregates, captured by cryo-

EM and cryo-ET, such as micelles, vesicles, and platelets formed during the self-assembly of 

amphiphilic block copolymers in dilute solutions show that these structures can be achieved 

through manipulation of block copolymers chemical structures and change in physical condition 

of the systems(101; 102).   
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Fig. 8. a) Cryo-EM 2D micrograph of PEO39-b-PODMA17 micelles vitrified at 4 °C. b) Different 

tilt images of PEO39-b-PODMA17 in x-y plane extracted from aligned the 3D tomogram of PEO39-

b-PODMA17. 3D Reconstructed structure of PEO39-b-PODMA17 showing the bicontinuous 

structure in which the yellow surface shows the surface in contact with water channels. d) 

skeletonization of c). e) Cryo-EM 2D micrograph of PEO39-b-PODMA17 micelles vitrified at 45 

°C. f) x-y plane slice of the reconstructed tomogram at e). g) volume rendering structure of PEO39-

b-PODMA17 vitrified at 45 °C. Reprinted with permission from (100). Copyright 2010 American 

Chemical Society. 

 

In recent years, polymer electrolytes have been receiving considerable attention due to their 

applications in fuel cells(103; 104), redox flow cells(105; 106), batteries(10; 107), and organic 

electrochemical transistors(108-110). These applications in general rely on the ionic conductivity 

of the constituent polymer electrolytes. Due to the limited chain motion, sequestration of ionic 
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clusters, and the lack of ionic percolation pathways, many polymer electrolytes act as ionic 

insulators in a dry state(111). Hence, the presence of solvents such as water plays a crucial role in 

ionic transport, and functionality, of polymer electrolyte-based devices(112; 113). Not 

surprisingly, cryo-ET has also been gaining traction in studies of polymer electrolytes in hydrated 

states due to its capability to capture visual images of internal microphases and nanodomains.  

The formation of microphase-separated hydrated channels is vital for efficient proton 

conduction in polymer electrolytes(6; 114). In an extensive study, Chen et al. investigated the 

effects of hydration on nanodomains swelling of sulfonated polystyrene-b-polyethylene-b-

polystyrene (S-SES) triblock copolymers with varying amounts of sulfonation(115). A series of 

S-SES triblock copolymers with different amounts of homopolymer polystyrene (hPS) were 

prepared to investigate the effect of morphology on the swelling behavior of the nanodomains. 

STEM micrographs of dry films show that the samples with a low volume fraction of hPS (<40 

vol%) exhibited a lamellar morphology while further addition of hPS to SES caused a transition 

from lamellar to bicontinuous morphology. Hydrated samples also exhibited lamellar and 

bicontinuous morphologies similar to their dry film counterparts. The hydrated lamellar samples 

showed the formation of hydrophobic polyethylene, PSS-rich, and water-rich channels. While the 

formation of the water-rich channels could not be observed in triblock copolymer S-SES with 

bicontinuous morphology. Cryo-ET further revealed a significant swelling of the PSS-rich phases 

while maintaining the bicontinuous morphology in these samples.   

In a study conducted by Xi et al., well-defined hydrated vesicles were demonstrated in a 

series of phosphonate polypeptoid diblock copolymers, namely poly-N-(2-ethyl)hexylglycine-

block-poly-N-phosphonomethylglycine (pNeh-b-pNpm), with varying chain lengths(116). 

Compared to sulfonated block copolymers, phosphonate block copolymers exhibited efficient 

proton conductivity with a lower degree of hydration. As a result, in this study, the authors adopted 

a water vapor annealed method for cryo-ET sample preparation as opposed to the fully hydrated 

block copolymers formed by direct contact with water drops. 

Cryo-ET of hydrated pNeh9-b-pNpm9 (Fig. 9) revealed the presence of dark bands 

representing the vesicle walls, indicating the coexistence of hydrophobic and hydrophilic blocks 

within the copolymer. Interestingly, cryo-ET not only unveiled unilamellar and multilamellar 

vesicles but also uncovered a multi-compartment structure, where larger vesicles enclosed smaller 

ones. Moreover, the chain length was found to significantly influence the morphology and internal 
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structures of the vesicles in pNeh-b-pNpm systems. Specifically, pNeh9-b-pNpm9 absorbed more 

water, leading to the formation of larger, loosely packed vesicles, whereas pNeh18-b-pNpm18 

(longer chains) showed hydration resulting in smaller, more closely packed vesicles. The complex 

chain-length-dependent hydration and drying mechanisms of vesicles underscore the importance 

of cryo-ET in revealing these unique morphologies. 

 

 

Fig. 9: Tomogram slices of hydrated and dry pNeh9-b-pNpm9 samples a) and c), respectively. b) 

and d) 3D visualization of tomograms from regions of interest shown in (a) and (c) achieved 

through mesh rendering of the reconstructed tomographs. Reprinted, by permission, from (116). 

Copyright 2021 John Wiley & Sons, Inc. 
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Similar to other polymer electrolytes, the structure-property relation of Nafion in polymer 

electrolyte fuel cells is closely governed by the microstructure of hydrophobic phases and 

connectivity of the hydrophilic ionic nanochannels hydrated states. Electron microscopy revealed 

the existence of isolated sulfonic-acid-containing phases in dry Nafion membranes. In contrast, 

cryo-EM of hydrated Nafion membranes showed the formation of interconnected hydrophilic 

nanochannels with ~5 nm domain spacing(117) which is consistent with the high ionic 

conductivity of hydrated Nafion(113). In addition, the operational stability of polymer electrolyte 

fuel cells is closely correlated to the ability of the polymer ionomers to maintain their initial 

microstructures(69; 118). By employing cryo-ET, Venkatesan et al. showed that 

mechanical/chemical degradation of Nafion membranes in a hydrated state causes a reduction in 

the volume fraction of hydrophilic ionic cluster which in turn leads to the formation of locally 

depleted and isolated ionic domains(77). These studies showcase the versatile capabilities of cryo-

ET in investigating micro- and nanostructures in the field of physical science.  

 

Summary 

ET has provided unique opportunities for understanding the 3D structure of polymer membranes. 

Through these detailed understandings, important functional properties such as water diffusion in 

polymer membranes could directly be linked to the nanoscale structure of these polymers. In 

addition, cryo-ET has emerged as an important tool for analyzing polymer microstructures either 

to reduce the beam damage or to preserve the microstructures in a solvated state. Nevertheless, 

due to the later adaptation of cryo-ET in synthetic soft matter science compared to the field of 

structural biology, the full potential of this technique has yet to be explored. As ET and cryo-ET 

technologies continue to evolve, we envision leveraging these techniques to delve into finer 

structural details, capturing transient phenomena, and new applications such as bioelectronics 

applications based on mixed ionic electronic polymers. Additionally, the advancement of data 

processing algorithms will facilitate the extraction of quantitative information from complex 

tomographic datasets, enabling the creation of predictive models for membrane behavior and 

performance.  
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