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Abstract 

Using material-sensitive and conductive atomic force microscopy (AFM) on cross 

sections of perfluorinated and sulfonated membranes at low humidity, crystalline 

polymer lamellae were imaged and their thickness determined to approximately 6 

nm. In the capacitive current, water-rich and water-poor areas with different phase 

structures were investigated. The formation of a local electrochemical double layer 

within the water-rich ionically conductive areas at the contact of the AFM tip with the 

electrolyte enabled their visibility in adhesion force images. The large water-filled 

ionically conductive areas include numerous ionic domains. Under equilibrium 

conditions, these areas are spherical (appearing circular in the images) and with 

distinct size distribution. Forcing a current through the membranes (current-induced 
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activation) led to merging of the water-filled ionically conductive areas in the voltage 

direction and resulted in an anisotropic ionically conducting network with flat 

channels. The distribution of the current in the membrane and catalytic layers of a 

pristine membrane electrode assembly (MEA) was analyzed. From the adhesion 

force mappings, an inhomogeneous distribution of ionomer in the catalytic layer was 

detected. Cross currents between Pt/C particles through large ionomer particles 

within the catalytic layer were detected and the ionomer content across an electrode 

was evaluated. 

 

1 Introduction 

For polymer membrane fuel cell application mostly Nafion® from DuPont is used as 

electrolyte, but recently the importance of related materials such as AQUIVION® is 

increasing. The two ionomer materials were used as membranes and as ionically 

conductive components within the electrode. Nafion® and AQUIVION® are both 

perfluorinated polymers with sulfonated end groups at their side chains (PFSA). 

These materials differ in the length of their side chains, which leads to somewhat  

different properties based on the different nanostructures [1],[2]. Together with water, 

these molecules undergo a phase separation upon solidification; the sulfonated end 

groups cluster together to form a hydrophilic ionic phase, which is the basis of a 

continuous ionically conductive network. The polymer main chains also cluster 

together to form bundles with a size of a few nanometers [3] and provide mechanical 

strength. Approximately 20 % of the fluorocarbon chains are crystalline [4], thus 

contributing to the mechanical strength. The size of ionic phase structures has been 

intensively studied using scattering techniques such as small angle X-ray scattering 

(SAXS). A strong effect on the water content and pretreatment is generally observed, 

monitored by the shift of the generally broad peaks, mainly the so-called ionic peak. 
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SAXS results indicate a value of 3 to 7 nm, which is attributed to the distance of the 

ionic areas [5]. Nanostructure models that fit the measured spectra for a wide range 

of humidity and temperature values exist; however, no consensus has been reached 

on the precise nanostructure.  

Due to the high sensitivity of PFSA toward humidity changes, the structure 

determination is highly complex and controversial results have been published. It has 

to be noted that changes occur with time constants that comprise several orders of 

magnitude [6]. In addition, the structure under equilibrium and the structure under 

non-equilibrium conditions, such as the current flow, may differ greatly. The protons 

that carry the ionic current are solvated, and depending on the conditions, one proton 

drags an average of 1-3 water molecules during fuel cell operation (electro-osmotic 

drag and permeation, see [7] and values therein). In addition, the current water exerts 

a mechanical pressure on the polymer. 

Despite the self-assembly of the two different phases, the hydrophilic and the 

hydrophobic phase are a prerequisite for the formation of a continuous ionically 

conducting network; it may not exist in pristine PFSA, at least at lower humidity. In a 

previous study it was demonstrated that for the induction of a faradaic current a 

forced current flow was necessary, called the current-induced activation of the 

membrane [8]. Investigation of the PFSA structure is therefore assumed to yield 

different resulting nanostructures depending whether equilibrated samples or 

samples under or after current flow, as necessary for fuel cell operation, are 

analyzed. 

In previous studies, mostly samples at different equilibrium states have been studied 

and compared to various nanostructure models. A detailed discussion of existing 

models can be found in [1]. Nafion® was first described by Gierke et al. [9], with a 

model of ionic clusters dispersed in a hydrophobic polymeric matrix. This model was 
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based on the reduction of the total free energy of the polymer system, described by 

Eisenberg [10]. Based on the experimentally observed linear volume change with 

humidity, a lamellar stacking of fluorocarbon chains with ionic side groups that 

sandwich water layers with various thicknesses was proposed by Falk et al. [11] and 

Litt [12], and was further refined by Haubold [13]. Recently, Kreuer et al. predicted a 

lamellar structure of perfluorinated membranes, based on the experimental findings 

in combination with electrostatic considerations [5]. In our previous study at low 

humidity, we imaged for the first time a lamellar stacking of Nafion® and AQUIVION® 

PFSA in AFM experiments [14]. 

An alternative model in the literature consists of flat polymeric fibrils and bundles of 

aggregated polymer backbones with a bundle size of approximately 3-4 nm, 

aggregated to aligned crystalline structures of approximately 50 nm based on the 

scattering data proposed by Gebel et al. [15],[16],[17]. In this model, water surrounds 

the fibrillar objects and is not confined to pores. Predictions from modeling also 

provide input on the discussion, and recent models combine aspects from various 

existing models to suggest a more complicated structure, including independent 

bicontinuous networks of ionic clusters and fluorocarbon chains [18]. 

For the application of PFSA membranes in fuel cells, the ionomer/electrode 

interfaces play an important role because this is the location of the electrochemical 

reaction, and it may limit the performance of the cell. At the surface of PFSA 

membranes in air, the existence of a surface skin layer has been proposed by 

several authors and is currently accepted [19],[20]. At equilibrium conditions, this 

layer forms due to the different surface energies of the membrane and environment. 

At the membrane/air interface, a hydrophobic surface is formed. From GISAX 

measurements, a high crystallinity of a layer of an approximately 5-nm layer with an 

orientation parallel to the surface was observed [21]. From other scattering 
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experiments, including synchrotron grazing incidence X-ray diffraction (GIXRD) and 

small angle X-ray scattering (GISAXS) analyses, a similar value was obtained 

[21],[22]. Recently, AFM measurements confirmed this thickness for the skin layer for 

membranes in air [23]. This highly adhesive surface phase is fluorocarbon-rich with 

the ionic side groups folded inwards [24]. Consequently, the surface properties of the 

outer surface and cross section are expected to differ significantly. 

For the investigation of the PFSA nanostructure, scanning probe techniques are well 

suited [25],[26],[27],[28]. With advanced tapping mode techniques, the differentiation 

between different materials, including different phases, allows a direct imaging of 

nanostructure under various temperature and humidity conditions. Using conductive 

AFM, analysis of the structures under non-equilibrium conditions as current flow has 

been conducted [8],[23],[29],[30],[31],[32]. The disadvantage of this approach is the 

restriction of the measurement to surface or subsurface properties and the 

dependence of the obtained resolution on the tip size and shape.  

The electrodes of a fuel cell fulfill several functions, including high catalytic activity 

but also the provision of electronic and ionic conductivity and the appropriate 

transport of water and reactant gases. This complex functionality is normally 

achieved by mixing ionomer with the catalytically active nanometer platinum particles 

supported on carbon. The size and distribution of the components, especially of the 

ionomer in the catalyst layer, determines the performance and stability of the 

electrodes, i.e., based on the volume of the electrochemically active catalyst area, 

which affects the proton conductivity, mass transport, electronic conductivity, and 

porosity [33]. 

For a quantitative analysis of the electrode components, a method with a high lateral 

resolution is needed to image the nanosized particles and obtain a quantitative result 

of the composition. In the past, the ionomer content within the electrodes was mostly 
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analyzed using transmission electron microscopy (TEM)[34][35] [36] in combination 

with energy dispersive elementary analysis (EDX) or energy filtering to obtain a 

mapping of the fluorine content. TEM-based techniques require very thin slicing and 

staining of the sample below 100 nm. For these techniques, staining with heavy 

metal atoms is often applied to enhance the scattering contrast. Artefacts such as 

swelling, or pore penetration with epoxy fillers may occur. Ionomer damage may 

occur due to electron beam radiation. The ionomer volume may shrink and change its 

structure due to water loss in the vacuum, a problem only avoided using cryo-TEM 

[37]. Modern scanning electron microscopy with increasing resolution is also able to 

image electrodes, including the ionomer; however, the issues of polymer radiation 

damage and water loss are similar to those encountered for TEM analysis, and 

quantitative analysis may be difficult to circumvent. 

Recently, the analysis of components in fuel cell has been performed using 

synchrotron based soft X-ray scanning transmission microscopy (STXM) [33], 

[38],[39]. The chemical contrast between the elements is facilitated using the near 

edge X-ray absorption with a spatial resolution of 30 nm.  For the samples, 100-300-

nm thick ultra-microtome cut slices of membrane electrode assembly (MEA) samples 

were used. STXM has been used for characterizing ionomer distributions in 

differently applied catalyst layer structures, yielding quantitative maps of the ionomer 

and carbon support components [40]. Although some radiation damage is still 

detectable for radiation sensitive polymers such as PTFE, the advantage over 

energy-filtered TEM is significant using the same radiation dose.  

In this study, we have two different sections. First, we employ material-sensitive and 

conducting AFM to analyze the structure, phase separation, and development of the 

continuously connected ionically conducting phase in Nafion® and AQUIVION® PFSA 

membranes. Here, we use AFM for detection of properties that influence the function 
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of a fuel cell: the conductive structure of the membrane with the detection of water-

rich phase using membrane cross sections and the formation of the ionically 

conducting network under forced current flow; the interface of the membrane which 

impacts the interface to the electrode and inside the electrode to the Pt/C particles 

with an investigation of the ionomer/ionomer interface formation and its interface 

properties. In the second part we report on the application of AFM for MEAs and we 

can clearly distinguish ionomer phase in electrodes for the first time with this method 

with a resolution in the nanometer range. The structure and conductivity of pristine 

MEA cross-sections and catalyst layers were investigated. Material-sensitive AFM 

was used to statistically evaluate the ionomer content in the electrodes and to obtain 

insight into the conductivity of the embedded ionomer particles. 

 
2 Experimental 
 

2.1  Atomic force microscopy 
For the atomic force microscopy (AFM) investigation, a Bruker Multimode 8 AFM 

(Karlsruhe, Germany) equipped with a Nanoscope V controller, a closed loop 

scanner with open loop Z-axis (nPoint, USA), quantitative nano-mechanical tapping 

mode (QNM™, Bruker Corp.), current detection (PeakForce-TUNA™, Bruker Corp.), 

and a gas tight chamber was used. The current was measured in Peakforce TUNA 

tapping mode and averaged using a lock-in amplifier (PF-TUNA Module, Bruker). The 

measurement of polymer components was performed with PtIr-coated tips (Olympus 

AC240TM, 2 N/m; Olympus; PPP-NCHPt, 42 N/m; Nanosensors). Low spring 

constant probes were used for higher resolution, and high spring constant probes 

were used to image the stiffer parts of the electrode that contain carbon and 

platinum.  
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The AFM measurements were performed in the quantitative nano-mechanical mode 

(QNM™, Bruker Corp.). During scanning, the tip follows a sinusoidal path along the 

sample and touches the surface once every cycle to record an image point. During 

forward scanning and the retrace to the surface, mechanical properties are retrieved 

from the force-separation behavior simultaneously with the height information. As a 

consequence, the adhesion force, stiffness (Derjaguin, Müller, and Toporov (DMT) 

modulus [41]), deformation, and energy dissipation mappings are recorded. 

Quantitative measurement is possible using a calibration procedure with a suitable 

reference sample. For the ionomer samples, a phase-separated mixture of 

polyethylene and polystyrene was used. 

The continuous ionic current flow detected in a humid environment at the ionomer 

membrane is based on two electrochemical reactions, essentially oxygen reduction 

and oxygen evolution at the extended porous Pt-containing back electrode and at the 

platinum-coated AFM tip. The latter works as cathode for the back reaction [29]. For 

ionic current flow the bias voltage must exceed 1.4 V. The tapping mode current 

measurements were performed in PeakForce-TUNA™ mode. This mode enables 

simultaneous retrieval of nano-mechanical information and the current. The current 

signal was averaged using a lock-in amplifier. If not otherwise stated, the samples for 

current measurements were activated in an electrolysis setup at 2.8 V. Details are 

given in [23]. After activation the samples were stored in ultra-pure water (Millipore, 

18 MΩ). As a water reservoir for the current measurements, a droplet of ultra-pure 

water was placed in front of the sample to guarantee a sufficiently high humidity of 

the membrane and electrodes for ionic current flow. For recording the capacitive 

current, a bias voltage of approximately 100 mV to 2 V was applied.  The electronic 

current flow at an electrode was measured at a bias voltage of U ~ 20-100 mV.  
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2.2  Sample preparation 
For investigation of the interfaces, ionomer samples cast from aqueous AQUIVION® 

PFSA D83-06A dispersion were prepared as model layers. The layers were applied 

by doctor-blade coating and were dried at ambient humidity at room temperature for 

one day. After drying, the sample was embedded between two polystyrene sheets. 

Cross sections of the samples were prepared by a microtome (Leitz microtome type 

1310, Germany) and fixed to a steel sample holder with adhesive tape without 

touching the surface. If needed, silver containing glue was used to enhance the 

electrical contact. The membrane samples were pieces cut from commercial 

membranes of Nafion® NR212 (equivalent weight of 1100 g∙eq-1) with a membrane 

thickness of 50 µm, an electrode thickness of 10 µm, and a gas diffusion layer (GDL) 

SGL 25BA with 190 µm (Figure 7). If not otherwise stated, the samples were 

equilibrated in air with approximately 30-40 % relative humidity (rh). A few 

measurements were performed at higher humidity in a gas-tight chamber using a 

humidifier. A relative humidity less than 30-40 % was achieved by purging the 

chamber with dry Argon. Specified values for the equilibration conditions and the 

relative humidity during the measurement are given for each figure.  

In addition to the membranes, membrane electrode assemblies (MEA) were 

investigated. The enclosed membrane consisted either of reinforced AQUIVION® 

PFSA (Figure 9) or a reinforced Nafion® XL membrane with a thickness of 24.5 µm 

and 7-µm-thick electrodes without GDL. The electrodes had a platinum loading of 0.4 

mg/cm² on the cathode and 0.2 mg/cm² on the anode (Figures 10-15). No additional 

pretreatment was applied. The MEA samples were cut as delivered by the supplier. 

For AFM measurements of the cross sections the samples were cut using a 

microtome and embedded between two plates of polystyrene. Before being cut, 

double-sided conductive tape was placed on top of the sample sandwich to stabilize 
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the cross section after cutting. The slices were then fixed to a magnetic steel disc 

AFM sample holder without touching the surface (Figure 1).

 

Figure 1: Scheme of cross section of MEA for current measurement.  
 
 
3 Results and Discussion 
 

3.1  Material identification by material-sensitive and conductive AFM  
 

3.1.1 Structure of Nafion® membrane surface and cross section 

Because of the existence of a surface skin layer [8] [21], freshly cut cross sections of 

Nafion® and AQUIVION® PFSA were investigated by AFM in order to obtain 

information on the bulk structure. 

 

3.1.2 Structure of Nafion® membrane surface and cross section 

The surface of the freshly cut cross section, equilibrated and measured at 30-40 % rh 

without further pretreatment, contained sizeable ordered regions as observed in 

Figure 2. The 3D topography of the 570-nm-wide image (Fig. 2a) exposes a terraced 

surface composed of layers or lamellae structures [14]. By overlaying the peak force 

control signal onto the topography in Figure 2b, the lamellar edges are enhanced for 

better visibility. The simultaneously recorded mapping of the adhesion force overlaid 
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on topography in Figure 2c reveals two distinct phases with significantly different 

adhesion. After one hour of scanning, the existence of at least a thin hydrophobic 

skin layer must be assumed (compare chapter 3.1.3) but no obvious change was 

observed in the large low-adhesive areas.  

 
Figure 2: Cross section of non-activated Nafion® 212, equilibrated and measured at 
30-40 % rh: (a) 3D topography, (b) peak force control signal overlaid on topography, 
(c) adhesion force mapping overlaid on topography, and (d) deformation mapping 
overlaid on topography. 
 

From previous experiments, the terraced, bright, high-adhesive phase can be 

attributed to higher fluorocarbon chain (PTFE-like) content, and the embedded dark, 

circular, low-adhesive phase can be attributed to a region of water-filled 

interconnected ionically conductive phase [8]. Additional ionic areas with low water 

content that are not connected but must be present all over the sample, do not lead 

to a visible change in the adhesion contrast. The size of these circular water-filled 
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structures is typically 30-50 nm in diameter, with most of the structures being similar 

in size. The lower deformation (Figure 2d) and higher stiffness (not shown here) at 

these positions, which were also observed in previous studies, were attributed to a 

high internal pressure in the ionic network resulting from the water pressure [8].   

The terraced back-bone-rich phase reveals a high degree of ordering. As 

demonstrated in a previous study [14], this phase consists of lamellar stacking of 

backbone sheets and ionic side groups. A comparison of the lamellar heights of 

Nafion® and AQUIVION® PFSA, a shorter side chain molecule, revealed in both 

cases a layer thickness comparable to that of a molecular bilayer, estimated with 

half-stretched side chains to 1.7 nm and 1.5 nm, respectively [14]. In the other lateral 

direction a layer thickness of roughly 6 nm has been determined. In a study of the 

crystallinity in cast Nafion®, Ludvigsson et al. determined a spherulitic morphology for 

Nafion® [4]. They emphasized that the spherulites grown from the bulk consist of 

sheets build of zig-zag-folded polymer chains, which grow perpendicular to the film 

surface, a fact that prevented their determination of the lamellar thickness in this 

study. The growth of such crystalline lamellae has been studied for different polymers 

and the formation of crystalline sheets has been described in a general law by 

Strobel [42]. For polyethylene and Nafion®, Ludvigsson et al. reported a similar 

structure based on x-ray investigation. The varying thickness of such sheets 

measured by AFM was in the order of 10 nm in PE and 20 nm in s-PP-20 nm [43]. 

Following these studies, we assign the observed lamellar structures also to 

crystalline sheets. In the plane of folded zig-zag polymer strains, the distance of 

backbone layers is determined by the two side chains as was assumed in our earlier 

work [14]. The larger steps with roughly 6 nm thickness are associated to the polymer 

crystalline lamellae thickness. These layers may include different amounts of water 

bound to the side chain sulfonic acid groups and the water amount depends strongly 
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on humidity. The resulting varying layer distance may limit the visibility of this phase 

in scattering analysis. 

3.1.3 Formation of a new skin layer at cross section 

The freshly cut surface of cross section exposed to air is not in equilibrium and 

dependent on relative humidity immediately starts to form a new surface skin layer. It 

is known from the literature that the sulfonic acid groups at the side chains quickly, 

probably within seconds, turn to the interior and the surface properties change from 

hydrophilic to hydrophobic [24]. Due to the transfer of the cut sample to the AFM we 

can follow these changes only after the first 2-10 minutes depending on handling 

time. The change of adhesion and stiffness values was measured using a suitable tip 

for adhesion and stiffness detection. The images were continuously scanned with a 

high speed. As a measure for the stiffness, the peak value of the distribution was 

taken; for the adhesion the percentage of the area above a fixed adhesion threshold 

was evaluated. A typical time dependence of area with high adhesion and stiffness 

values is given in Figure 3a.  Both samples were equilibrated at 40 % rh. At a relative 

humidity of 40 % during measurement the high-adhesion area decreased during the 

first 20 min and then started to rise again. The stiffness values measured at 50 % rh 

first rose for a few minutes before they decreased after about 20 min.  From the 

literature it is known that there is a high internal pressure inside the ionomer 

membrane [19]. We interpret the rise of stiffness by an increased surface pressure, 

caused by the transport of water to the open interface after cutting. The subsequent 

decrease of stiffness is interpreted by a decrease of hydrostatic pressure with time, 

due to water evaporation.  The decrease of area with high adhesion after cutting is 

caused by the loss of humidity at the interface that reduces the area with high 

adhesion. The subsequent increase of high-adhesive area is explained by the 
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formation of PTFE-rich surface areas that have a higher adhesion to the tip [31] than 

the dry ionic surface. In Figure 3b measurements of the time-dependent stiffness 

values for cross section of a sample at 70% rh are shown for an extended time 

period. Again the above described dependence is seen and after one hour of 

scanning, the stiffness values of the sample measured under these conditions slowly 

increased again. This can be explained by the increased loss of water from the 

surface that led to a formation of a hydrophobic skin layer. The water-poor layer 

inhibits the further evaporation of water and again leads to an increased hydrostatic 

pressure. However, some details of the time dependence which are reproducible 

cannot be explained and need further investigation.  

As a consequence of these investigations, always a fresh cut cross section was used 

except otherwise stated, and it was taken care that during the measurement the 

surface properties did not change significantly. 

 

Figure 3: Time dependence of high-adhesive area and stiffness values at a cross 
section of Nafion 212® after cutting: (a) stiffness values (red circles) and adhesive 
area (green circles) for samples equilibrated at 40 % rh and measured at 50 % and 
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40%, respectively; and (b) time dependence of stiffness values of two different 
samples measured at different days, equilibrated at 70 % rh and measured at 25 % 
rh (blue circles) and 70 % rh (red circles).  

 

3.1.4 Conductivity 

Using conductive AFM, two different current contributions at PFSA cross sections 

were detected. A capacitive current is present in most cases, whereas a steady-state 

faradaic current is observed mainly at activated membranes and requires two 

electrochemical reactions at the two electrodes in the set-up. When the AFM tip 

approaches the proton-conducting electrolyte surface, an electrochemical double-

layer is formed. Therefore, both scanning the tip across the membrane and tapping 

toward the surface, will induce a capacitive current based on the differential 

capacitance and the scan rate [14] even without the presence of catalytic back 

electrodes. The change of the capacitive current contribution of i(V) curves at 

different scan rates with the same tip area is shown in Figure 4. These experiments 

were performed without platinum in the back electrode. The current recorded with the 

same tip is proportional to the current density. The current difference Δi varies 

linearly with the scan rate, as observed in Figure 4b. Δi was measured between the 

negative and positive scan direction of the i(V) curve at the same voltage (marked in 

Figure 4a). The sample voltage scan deviates from the potential scale indicating an 

additional set-up induced resistance that decreases at higher humidity. The tip is 

biased through the sample and at negative voltages hydrogen evolution at the tip is 

visible whereas at positive voltages platinum oxidation can be seen in the forward 

and the reduction in the backward scan direction. An example of a current 

measurement where only a capacitive current contribution was recorded is given in 

Figure 4c. In the histogram, the percentage of current values of the total number of 
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pixels in the current image is plotted versus current. The capacitive current 

contribution has values of only a few pA.  

A faradaic current contribution can only be observed if the tip is in contact with a 

continuous ionically conducting network under humid conditions. At suitable 

potentials, the electrochemical reactions at the two electrodes drive a current through 

the sample. The resulting faradaic current contribution is shown in the current 

histogram in Figure 4d.  A scheme that illustrates the isolated water-filled ionic 

regions with only capacitive current is given in Figure 4e, and a scheme that 

illustrates the continuous ionic connection between electrodes for faradaic current 

flow is given in Figure 4f. 

 
Figure 4: (a) I (v)  curve measured at  a scan rate of 0.3 V·s-1 for wet activated 
Nafion® 212 in air without catalytic back layer and with constant tip area, (b) 
dependence of current hysteresis Δi as a measure of the capacitive current with 
varying scan rate, (c) histogram of capacitive current, (d) histogram of capacitive and 
faradaic current after activation, (e) scheme that shows isolated water-filled ionic 
regions with only capacitive current, and (f) scheme that illustrates the continuous 
ionic connection between electrodes for faradaic current flow. 
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In addition to a few defects that allow water exchange, the hydrophobic surface skin 

layer inhibits the direct connection of the ionic conducting water-rich phase inside the 

membrane with the environment [19]. The formation of different surface structures 

under dry and wet conditions has been investigated with two subsequently applied 

ionomer layers and is described in chapter 3.2. For pristine membrane samples, no 

continuous current flow can be detected by AFM [23]. Even in case a continuous 

ionically conducting network to the back electrode exists, the hydrophobic skin layer 

inhibits a direct conductive connection [19]. By scanning the tip across the surface, 

only a small capacitive current on the order of a few pA is typically present. A 

conductivity increase of several orders of magnitude is observed only after current 

flow is forced through the sample, called current-induced “activation” [31], [8].  

3.1.4.1 Equilibrium structure of ionomer 

In pristine ionomer membranes before any current flow, the water-filled 

interconnected ionic areas, identified by their low adhesion, were isolated as visible in 

Figure 2. Their distribution was inhomogeneous, and they typically had a circular 

shape. These low-adhesive regions have a typical size at the surface of a few tens of 

nanometers, often between 30 to 50 nm, as observed in Figures 2 and 5.The lower 

adhesion cannot be explained by the adhesion of the topmost surface. One must 

assume that at least a thin hydrophobic surface layer is present after one or two 

hours of scanning as discussed above.  A decreased adhesion measurement can be 

explained by an additional repulsive force acting on the tip, either a long-range force 

that is not much influenced by a thin surface layer or a repulsive mechanical contact 

force, i. e., imposed by a high surface stiffness. The stiffness response depends on 

humidity and measurement conditions, for example with water transport under 

current flow, the low-adhesive areas can have a high stiffness, but at humidity 
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equilibration a low stiffness is observed in those areas. Therefore the low adhesion of 

the water-filled ionic areas cannot be explained by mechanical interactions alone but 

an influence of the electrochemical double layer formation at the tip-sample contact, 

which leads to a repulsive (coulomb-) force toward the tip is deduced. In the force-

separation curve, this repulsive force appears as reduced adhesion. In the 

topography image (Figure 2a), 1-µm2 area of a freshly cut cross section of Nafion® 

212, equilibrated and measured at 30-40 % rh is shown. The corresponding adhesion 

image (Figure 2b) reveals numerous statistically distributed circular low-adhesive 

ionic areas. It is assumed that water uptake does not lead to an even distribution of 

water in the membrane. The water is expected to cluster forming droplets due to an 

ionomer matrix which has on average a much lower surface energy. The size of the 

low adhesive areas is much larger than the size of a single domain with about 2 nm 

size as retrieved from TEM measurements [34]. In addition, the large low-adhesive 

areas often have a visible inner structure with a much smaller size in the range of a 

few nanometer. Therefore we assume that these low adhesive areas include 

numerous ionic domains. Since the water tends to form cluster inside the membrane 

it can be expected that smaller water-filled ionic areas coalesce to form larger water-

rich interconnected ionic regions when they are closely neighbored. An example of 

an adhesion image at a cross section stored and measured at 50% rh is given in 

Figure 5a. Larger, partially connected low-adhesive regions are visible. In Figure 5b 

an adhesion measurement of a cross section cut from a sample that had been stored 

in water for 1 day after cutting is given. This image exhibits numerous water-filled 

regions with a clear inner-structure. In both samples, the water-filled area might not 

be at equilibrium state, where more circular structures are expected. An example of a 

cross section in equilibrium is given in Figure 5c. The sample has been cut and then 

stored for 1 day over a saturated NaCl-solution at 75% rh. It is most likely that in 
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addition to the evaporation of water also NaCl molecules were evaporated. Their 

deposition on the sample may have increased the surface humidity, also indicated by 

the high adhesion values. Large, 200 nm-wide circular areas with low adhesion and 

an inner structure are visible together with several much smaller, approximately 50-

nm-wide dark circular areas. 

The typical circular shape under equilibrium conditions is probably induced by the 

surface tension of the water droplet. Both, the circular shape and the small size 

distribution indicate that at equilibrium, due to a size-dependent water pressure, 

where smaller particles/drops have a higher pressure, diffusion of water leads to a 

further growth of larger water-rich areas [14]. The smaller water-filled areas 

disappear with time, and for larger ones, the water molecules do not leave the droplet 

as easily. These large water-filled areas that include ionic domains are consistent 

with the model of Gebel, where fibrillar objects surrounded by water are proposed 

[16]. 

 
Figure 5: Adhesion force images of cross sections of non-activated Nafion® 212, (a) 
equilibrated at 40-50 % rh, measured at 50 % rh; (b) equilibrated at 40-50 % rh, cross 
section stored in water for 1 day, measured at 50 % rh, (c) equilibrated at 40-50 % rh, 
cross section stored for 1 day over saturated NaCl-solution at 75% rh, measured at 
30-40 % rh. 
 

The distribution of the water-rich ionic phase at the surface, as shown in Figure 6 for 

different ionomer samples, is visible in the capacitive current mapping even if the 



20 
 

ionic phase is not connected to a continuous ionic network. Generally, a locally 

higher capacitive current (bright area in Figures 6a,b) indicates locally higher water 

content, and the distribution of water-rich and water-poor areas can be imaged [14].  

 

 
Figure 6: Adhesion image of cross sections of non-activated membrane samples of 
Nafion® 212, equilibrated and measured at 30-40 % rh: (a) area with layered water 
sheets, and (b) area with circular and ring-like water-filled layers. 
 

 

The mapping of capacitive current at Nafion® 212 with two distinct structures is 

shown in Figure 6. In comparison with Figure 2, where large lamellar structured areas 

are present, one would expect large regions with parallel water layers to be visible in 

the capacitive current images. In general, the formation of the two phases in the 

ionomer upon solidification can be regarded to be somewhat similar to the formation 

of a colloidal phase. Depending on the local surface energy and percentage of 

solvent, different structures are stable, including lamellar sheets, micelles, or inverted 

micelles [15],[44]. The reduced lamellar ordering in this case is most likely caused by 

increased water content. In this sample, the lamellar structures are visible only in a 

few regions. In Figure 6, two structurally different areas are shown. In Figure 6a, 
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parallel oriented water-rich layers are present that resemble the lamellar structures in 

Figure 2. The layer thickness of the enclosed non-conductive layers is consistent with 

the 6-nm-wide lamellae derived from the step height measurements. Figure 6b shows 

an area with circular water inclusions of approximately 50-nm size. The water-filled 

layers are buckled caused by the clustering of sulfonic acid end groups, forming ring-

like structures or larger areas. It also becomes clear that upon drying of the sample, a 

previously regular stacking cannot easily be restored again, and a continuous 

structure change must occur upon further change of the conditions.  

3.1.4.2 Non-equilibrium structure of ionomer 

Faradaic current was detected only after activation; storage in water was not 

sufficient. At freshly cut cross sections, large continuous but laterally heterogeneous 

current flow was detected across ionic areas of several tens of nanometers to 100 

nm [14]. In contrast, at surfaces clustered but isolated current spots were detected 

[8]. In technical applications, such as fuel cells or electrolysis, faradaic current flow is 

always present. 

In contrast to the equilibrium case, the formation of a water-filled interconnected 

ionically conducting phase by external activation is expected to result in anisotropic 

orientation of the water-rich ionically conducting phase. Due to mechanical water 

pressure associated to proton flow, a stretching of water-filled phase in the direction 

of the applied voltage can be expected. In Figure 7a and Figure 7b, topography and 

corresponding adhesion image of the cross section of a sample that was activated 

before cutting are presented. The direction of voltage application is given in Figure 

7e. During microtome cutting, the sample was disrupted between two layers. At the 

surface in Figure 7a, in addition to numerous circular features, long, branched, 

elevated, channel-like structures are present with a height of 5 nm. As determined 
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from the height profile across one channel in Figure 7d, marked in the height image 

Figure 7c, typical diameters of approximately 50 nm and lengths up to the order of 

micrometers were observed. These areas exhibit low adhesion, as visible in Figure 

7b, and therefore represent the water-filled interconnected ionically conductive 

phase. At certain positions, more extended circular structures with diameters up to a 

few hundred nanometers are observed and are connected by the longer channels. 

These channel–like structures are extremely flat. At a few positons, these structures 

stack on each other with 10-nm heights. It can be concluded that the observed 

stretching of this water-filled ionically conducting phase in the direction of the applied 

voltage directly represents the formation of a continuous ionic conducting network 

that was not present before current flow. It was concluded that the concurrent water 

flow with proton current, the electro-osmotic drag, facilitates the coalescence of 

isolated water-filled ionically conductive regions in the pressure direction, thereby 

filling the ionically conductive network with water. Subsequent proton flow increases 

the anisotropic changes of the internal ionically conductive phase structure and at the 

interface, where the conductive pores evolve [8]. Consequently, only a part of the 

ionic domains may participate in the continuous conducting network. 
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Figure 7: (a) 3D topography image of cross section of non-activated Nafion® 212, 
equilibrated and measured at 30-40 %, (b) adhesion force mapping overlaid on 
topography, (c) zoomed-in 3D topography image, (d) height profile along the marked 
line, and (e) direction of applied voltage for the activation procedure for all images.  
 

 
3.1.5 Platinum deposits in the ionomer membrane 

Platinum as a metal differs strongly in its properties from polymeric Nafion®, both in 

terms of mechanical and electrical properties. In addition to its electronic conductivity, 

not present in the ionomer membrane, in AFM mappings bare platinum exhibits a 

much lower adhesion force compared with Nafion® [45]. Even when covered by a thin 

polymer layer, platinum particles can be detected by their higher stiffness as 

demonstrated in [45], but also by their lower surface potential. Therefore, in a 

compound, these two materials can be unambiguously discerned by a combination of 

conductive and material-sensitive AFM.  

 
. 
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3.2  Interface formation of ionomer layer to hydrophobic and hydrophilic 

environment  

The formation of the ionomer interface structure that influences the interface 

conductivity, i.e., between membrane and the ionomer content of the electrode, and 

between the catalyst-coated carbon particles and the ionomer, was investigated. For 

studying the formation of hydrophobic and hydrophilic domains and their orientation 

toward the interface under dry and wet conditions, two ionomer layers were 

subsequently applied from ionomer dispersion. The interface of the first layer to 

ambient air was dried under low humidity conditions, and the interface of the second 

top layer was dried in neighborhood to the wet ionomer.  An adhesion image of a 

cross section through the interface is given in Figure 8. The first applied ionomer 

layer that was dried in ambient air with a relative humidity of approximately 30-40 % 

is visible at the left side. The violet color indicates a high adhesion force, and green 

indicates lower adhesion values. In Figure 8b, the formation of differently adhesive 

structures, hydrophobic/PTFE-rich and hydrophilic/water-rich, both orientated parallel 

to the interface, is visible. Higher adhesion values typically indicates a higher PTFE-

like content [46], which in this case, is associated with a backbone–rich phase; low 

adhesion indicates a water-rich phase, as discussed above. Close to the interface, 

more of the higher adhesive water-poor phase is present, which agrees with 

measurements at membranes [21]. The total thickness of this layer, which is oriented 

parallel to the interface, is approximately 2 µm. This thickness is much larger than 

that reported in the literature [21], [19]; however, these layers were quite fresh and 

were not heated above the glass transition temperature. Under the common 

procedures used for fuel cells, the layers will most likely dry out further and shrink 

with time. On the right side of the interface, the second applied ionomer part can be 

discerned. This component was applied after drying of the first layer at a relative 
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humidity of 30-40 % for one day. The vertical orientation of i.e., the green ionomer 

phases with lower adhesion to the interface is clearly visible. In addition, on average 

this second layer has an overall lower adhesion. These results support the 

expectation for interface formation in a wet environment without skin layer formation. 

The equilibrium structure of the interfaces results from the balance of the different 

surface energies. The equilibrium structure in air / water-vapor is characterized by a 

hydrophobic water-poor surface skin layer with highly crystalline polymer structures 

oriented roughly parallel to the surface, as observed in Figure 8a [21],[22]. The 

existence of hydrophobic structures at a membrane surface and their resulting lack of 

conductivity were measured by AFM in a previous study [8]. For an aqueous liquid 

environment, the formation of polymer bundles oriented vertically to the interface is 

expected as shown in Figure 8d [22]. In conclusion, we expect that from the 

orientation of hydrophobic/hydrophilic domains in Nafion particles or films inside the 

electrode towards the interface with Pt/carbon, the surface properties of the interface 

can be derived. 

 

 
Figure 8: Adhesion images of a cross section of non-activated sample prepared from 
two layers of ionomer dispersion after drying for one day at 30-40 % rh, measured at 
30-40 % rh: (a) scheme of orientation of polymer structures in hydrophobic 
environment, (b) adhesion mapping of the interface region, (c) zoomed-in view of the 
marked area of the adhesion image in (b), and (d) scheme of orientation of polymer 
structures in hydrophilic environment. 
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3.3  AFM investigation of cells  

In this section, the application of material-sensitive and conductive AFM to the 

investigation of cross sections of fuel cell components is demonstrated. Slices of 

MEAs with an enclosed reinforced ionomer layer and embraced electrodes were 

investigated. It will be demonstrated that AFM can be used to analyze the ionomer 

conductivity of the membrane and electrodes after MEA fabrication and can identify 

the ionomer content inside the electrodes. 

 
3.3.1 Membrane electrode assembly 

The analyzed AQUIVION® PFSA-based MEA cross section images with 30-µm side 

lengths are presented in Figure 9. The non-operated and non-activated sample was 

equilibrated and measured at 30-40 % rh. At the left, the topography (Figure 9a) 

reveals a difference in the height after microtome cutting, which reflects the different 

mechanical properties of the two electrodes at both sides and the membrane. The 

neighboring elevated swollen ionomer layers sandwich the reinforcement layer with 

lower height at the center. The different stiffness values of these components, with 

the highest values at the electrodes and a higher stiffness at the reinforced ionomer 

compared with the pure ionomer are recognizable in Figure 9b. The electronic current 

flow at a voltage of U = 100 mV, applied between the conductive AFM tip and the 

conductive back contact of the entire cross section, is restricted to the electrodes 

(Figure 9c). Their conductivity is laterally inhomogeneous. The applied voltage was 

too low to induce ionic current flow through the ionomer. On this scale, no phase 

separation is visible in the ionomer. 
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Figure 9: Cross section of a pristine MEA with AQUIVION® PFSA membrane, 
equilibrated and measured at 30-40 % rh: (a) 3D topography image, (b) stiffness 
overlaid on 3D topography, and (c) current values overlaid on topography. 
 

In Figure 10, the electronic and the ionic conductivity were measured at the cathode 

side of a pristine Nafion®-based MEA sample on an area that comprises only one half 

of the MEA. The MEA was equilibrated at 30-40 % rh and measured at the same 

humidity in air. The adhesion values of the electrode, ionomer, and reinforced 

membrane also differ (Figure 10a). As expected from the component 

characterization, the platinum/carbon-rich electrode exhibits a lower adhesion, and 

the reinforced PTFE-rich part exhibits a higher adhesion force compared with the 

pure ionomer. Figures 10b and c show the same measurement but with different 

current magnification. In Figure 10b, the inhomogeneous current distribution of the 

electrode with large non-conductive inclusions is clearly visible. In Figure 10c, the 

current was further magnified to expose the small capacitive conductivity of the 

ionomer. Differently conductive stripes oriented parallel to the electrode interface are 

visible, which represent the water-rich layers. In this large-area scan, the smallest 

conductive layers were 100-nm thick. This sample was not operated or otherwise 

activated after MEA preparation or before AFM analysis. Therefore, the parallel 

water-filled layers indicate the existence of an ordered lamellar ionomer structure that 

formed after hot pressing and subsequent cooling of the ionomer, similar to the 

lamellar ordered membranes cross section presented in Figure 2. No conductivity 
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can be observed beyond the interface of the reinforcement layer at the right. The 

ionomer content in the reinforcement in this pristine state at low humidity was 

obviously too small to be detected.  

 
 
Figure 10: Cross section of one half of a pristine Nafion®-based MEA, equilibrated 
and measured at 30-40 % rh, sample wetted before measurement: (a) adhesion 
mapping, (b) current values at 2-V bias voltage, and (c) current values from (b) with a 
magnified current scale. 
 

3.3.2 Catalytic layer 

Fuel cell electrodes typically consist of approximately 30 wt.% ionomer mixed with 

platinum-catalyst-covered mesoporous carbon to form a porous, electronically and 

ionically conducting layer that permits gas, water, and current transport. The interface 

of platinum catalyst particles with the ionomer can be compared with a wet 

environment, considering that platinum is always covered with water [47]. The 

surface of the mesoporous carbon is assumed to be partly hydrophilic mixed with 

hydrophobic areas. Therefore, for ionomer particles next to platinum/carbon, the 

formation of a vertically oriented ionic/backbone phase is expected, provided that the 

ionomer phase is sufficiently large to develop the typical phase separation. According 

to experiments with thin Nafion® layers, membrane properties change below a 

thickness of approximately 50 nm [48]. Ultra-thin Nafion® layers that have self-

assembled on platinum or silicon have a minimum thickness of 4 nm in air [49].  The 

minimum layer thickness of the ionomer layer around platinum-catalyst-covered 

carbon particles could therefore be expected between particles in fuel cell electrodes 
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[50]. Molecular dynamic calculations predict a layer thickness of 4.5 nm under wet 

conditions between a hydrophilic and a hydrophilic border, including a water layer 

[50]. 

 
Figure 11: Cross section of the membrane-electrode interface of a pristine Nafion®-
based MEA, equilibrated and measured at 30-40 % rh: (a) adhesion mapping, (b) 
zoomed-in adhesion mapping of region marked in (a), (c) adhesion mapping of 
zoomed-in area marked in (b) overlaid on 3D topography, (d) deformation mapping 
overlaid on 3D topography, (e) stiffness mapping overlaid on 3D topography, and (f) 
stiffness mapping of an electrode overlaid on 3D topography. 
 

The interface between the ionomer layer and the electrode can be observed in 

Figures 11a to e. In the adhesion force, the bright, high-adhesive ionomer can be 

distinguished from the dark, low-adhesive carbon/Pt–rich phase. The interface is 

clearly visible and well defined but not straight on this scale. In the higher magnified 

image of Figure 11b, darker carbon/Pt-rich particles can be clearly discerned. Inside 

some of these particles, very dark (low-adhesive) agglomerated Pt-rich inclusions 

appear. The bottom part of the interface (marked in Figure 11b) is magnified as a 3D 

topography image overlaid with adhesion in Figure 11c, as deformation mapping in 

Figure 11d, and as stiffness image in Figure 11e. A clear separation between the 
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Pt/C–rich particles and the ionomer is visible. Pt/C is discerned by its lower adhesion 

(Figure 11c) and lower deformation, in the latter image with lower lateral resolution 

due to a larger contact area at impression. A clear difference exists between the soft 

ionomer with low stiffness (the dark color in Figure 11e)  and the high stiffness of 

Pt/C component. A significant difference in the stiffness between metallic platinum 

and carbon, with the latter being less stiff, is expected and leads to an internal 

structure of the overall brighter particles. It can be assumed that the brightest spots 

indicate the positions of platinum particles or agglomerates on the surface. The 

imaging of single 4–nm-sized Pt-particles on 30-nm-wide carbon is presented in a 

higher magnified stiffness mapping (Figure 11f), where carbon and metallic platinum 

differ significantly. However, for a quantitative analysis of the Pt-content, the 

uncertainty in the resulting particle number may be too large due to the possible loss 

of platinum induced by the cutting process. 

The application of ionomer detection is further demonstrated in Figure 12. The 

surface of the 1-µm2 large cut is quite smooth, as observed in the 3D topography 

image in Figure 12a. No significant difference is visible between the ionomer particles 

and Pt/C content. To discern the ionomer content from the Pt/C particles, the 

electronic conductivity (Figure 12b) and the adhesion mapping (Figure 12c) were 

compared. In the current image, large non-electronically conductive parts, partly 

marked by dotted lines, are present. These components cover an area of 

approximately 12 % of the imaged area. Confirmation that these non-conductive 

areas consist of ionomer is obtained from the adhesion mapping. Ionomer particles 

appear as bright parts at identical positions as the non-conductive areas, as visible in 

the dotted markings.  
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Figure 12: Cross section of the electrode of a pristine Nafion®-based MEA, 
equilibrated and measured at 30-40 % rh: (a) 3D topography image, (b) current 
mapping at bias voltage U = 2 V, and (c) adhesion mapping.  
 

The identification of the ionomer content in the electrode was used to detect a 

gradient in the ionomer content from the electrode interface across the entire 

cathode.  In Figure 13, a diagram of the average ionomer content of an area of 1 µm2 

calculated from the adhesion images, represented by the white dots and measured 

across the electrode with a step width of 1 µm, is overlaid on its adhesion image. The 

ionomer content decreases with increasing distance from the membrane-electrode 

interface. The higher ionomer content at the membrane-electrode interface may be 

caused by the hot-pressing step of the MEA fabrication. 
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Figure 13: Adhesion image of a cross section of the catalytic layer of a pristine 
Nafion®-based MEA, equilibrated and measured at 30-40 % rh, overlaid with a 
diagram where white dots indicate the average ionomer content of an area of 1 µm2 
with 1-µm step width. 
 
The layer thickness near Pt/C particles in the electrode can be small, and their 

identification requires a high resolution and a sufficiently sharp AFM tip. In addition, 

the gap between two particles may lead to an increase of the adhesion force induced 

by the tip contact area increase due to geometric considerations. This effect cannot 

be distinguished from the high adhesion of the ionomer. To avoid this artifact of the 

measurement, the thickness of small layers with increased adhesion was measured 

at a flat interface between two particles. The topography of the catalytic layer is 

shown in Figure 14a, and the corresponding adhesion mapping is presented in 

Figure 14b. Figure 14c shows a flat area in the topography image; the adhesion 

profile (Figure 14e) and height profile (Figure 14f) were measured along the marked 

lines. The first high adhesive peaks at the left side in the profile line positioned 

between two particles correspond to flat regions, as visible in the height profile. The 

adhesion peak on the right side corresponds to a gap, where the adhesion value may 

be increased by an increased contact area. For the first two structures the high 

adhesion structure can be unambiguously attributed to an ionomer layer. The layer 

thickness evaluated this way cannot be measured precisely, for the smallest layers a 

value in the order of roughly 4-7 nm could be estimated, but it is not statistically 
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representative; an extensive statistical investigation of larger areas is required which 

is in preparation. A minimum layer thickness of 4 nm has been reported for self-

assembled ultra-thin Nafion® layers [48]. Following the model calculation of Borges et 

al. [51] for ultra-thin Nafion® layers in contact with a hydrophilic surface where a 

similar thickness could be derived, the formation of a water layer, and therefore 

proton conductivity, would then be expected along the surface. It also seems that a 

high percentage of the Pt/C particles are covered by ionomer, which could generate a 

high gas diffusion barrier.  

 
Figure 2: Cross section of the electrode of a pristine Nafion®-based MEA equilibrated 
and measured at 30-40 % rh: (a) 3D topography, (b) adhesion mapping, (c) adhesion 
image of zoomed-in area marked in (b), (d) topography image of zoomed-in area 
marked in (b), (e) adhesion profile along line marked in (c), and (f) height profile 
along the line marked in (d). 
 
For the large ionic particles inside the electrode with diameters of approximately 500 

nm, visible in Figure 12, phase separation in these particles is expected. At a bias 

voltage of 2 V, ionic current was detected at one of these large ionomer particles, as 

shown in Figure 15. The white parts of the current images represent electronically 

conductive Pt/C particles that appear white because of the high current saturation 
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values of 10 nA. Inside the ionomer, a current can be measured at this previously 

non-activated sample after scanning with the AFM tip at 2 V. With a magnitude of 1.5 

nA, this current is most-likely a faradaic current. The difference in magnitude of the 

currents is better visible in the 3D-current view of Figure 15b. The brighter, water-

filled ionically conductive areas of the ionomer particles bridge the neighboring Pt/C 

particles and permit ionic current flow between Pt/C particles in the electrode. These 

conductive connections between catalyst particles are oriented vertically to the Pt/C 

interface, similar to the hydrophilic low-adhesive phase in Figure 8, formed at a wet 

ionomer membrane interface. Therefore, we conclude that the ionomer/Pt/C interface 

was hydrophilic in this case. 

 
Figure 15: Cross section of an ionomer particle inside an electrode of a pristine 
Nafion®-based MEA, equilibrated and measured at 30-40 % rh: (a) current mapping 
at U=2 V with high current magnification, and (b) 3D-view on current mapping of (a). 
 

 
4 Conclusions 

The combination of material-sensitive tapping mode AFM and conductivity 

measurements was used to identify and analyze different components and phases in 

fuel cell components and technical MEAs, both the membranes and catalytic layers.  

The hydrophilic/hydrophobic phase distribution of Nafion® membranes was analyzed. 

Water-filled interconnected ionically conductive regions could be recognized by their 
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apparently low adhesion signal, which results from the local formation of a double 

layer in the ionomer. The large low-adhesive areas were explained by larger water–

filled regions that include several smaller ionic domains. The even distribution and 

circular shape (spherical in the volume) under conditions close to equilibrium were 

explained by the size-dependent water pressure of particles that leads to a growth of 

larger water drops. The circular (spherical in the volume) shape of this water-filled 

phase minimizes the interface energy.  

After forcing a current flow through the sample a current-induced anisotropic 

orientation of water-filled sheets, also identified by their low adhesion, was observed. 

In the direction of current flow the formation of flat, micrometer-long, branched or 

circular, connected hydrophilic regions with a thickness of 5 nm and a width of 50-80 

nm was observed. The forced-current flow led to the formation of a water-filled 

continuous network, which could be directly observed by AFM. It was concluded that 

such a continuous ionic network does not necessarily exist in pristine membranes, 

because before forced current flow the low-adhesive areas were isolated. The 

presence of large high-adhesive backbone-rich regions with an ordered lamellar 

structure was observed. Measurements of the layer thickness confirmed the 

existence of polymer crystalline lamellae with a spherulitic structure and a thickness 

of roughly 6 nm. The smaller steps heights were also consistent with a spherulitic 

structure and zig-zag-folded polymer main chains containing the solvated ionic side 

groups in between.  

It was demonstrated that with material-sensitive AFM the identification of the ionomer 

content inside the electrode could be used to monitor the relative ionomer distribution 

across an electrode, particles and films. Higher ionomer content was observed close 

to the electrode interface. The distribution of ionomer particles inside the catalytic 

layers was inhomogeneous with large ionomer particles. Detection of cross current 
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inside one of those particles was performed, and the orientation of the ionically 

conductive phase indicated a hydrophilic interface to Pt/C.  
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