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Abstract: Understanding the ionic channel network of proton exchange membranes, which dictate 

fuel cell performance, is crucial when developing proton exchange membrane fuel cells. However, 

itis difficult to characterize due to complicated nano structure and differing changes to their 

structure with different amounts of water uptake. Electrostatic force microscopy (EFM) can map 

surface charge distribution as nano special resolution by measuring the electrostatic force between 

a vibrating conductive tip and a charged surface under an applied voltage, . In this study, the ionic 

channel network of a proton exchange membrane is analyzed using EFM. A mathematical 

approximation model of the ionic channel network is first derived, to explain changes in force 

gradient on the surface using EFM. The phase lag of dry and wet Nafion under stepwise changes to 

bias voltage is then measured. Based on the model, variations in the ionic channel network of Nafion 

with different amounts of water uptake are analyzed numerically. The mean surface charge density 

of both membranes, which is connected with the ionic channel network, is calculated using the 

model. The results show that the difference between the mean surface charge of the dry and wet 

membranes is consistent with the variation in their proton conductivity. 

Keywords: electrostatic force microscopy; proton exhange membrane; ionic domain; surface charge 

density; PEMFC 

 

1. Introduction 

Proton exchange membrane fuel cells (PEMFCs) are a core technology of green 

energy devices for several reasons; they do not emit carbon dioxide, can operate 

continuously in different environmental conditions without changes to performance, and 

they have a relatively high energy conversion efficiency. However, a number of hurdles 

must be overcome before their adoption is feasible, such as their high cost, low reliability, 

and a lack of hydrogen gas. The need to address the low reliability is particularly urgent. 

However, this problem has proved very difficult to solve. The reason for this difficulty is 

that a proton exchange membrane’s reliability is connected to its morphological structure.  

Proton exchange membranes typically work as proton conductors because of their 

heterogeneous structures, which is the combination of a hydrophobic backbone with 

hydrophilic sulfonic acid groups. The relatively poor reliability of proton exchange 

membranes is caused directly by their poor mechanical and thermal properties [1-3]. 

Although hydration is crucial for enhancing the proton conductivity of Nafion, it is the 

cause of the material’s weak mechanical properties [2]. Novel membranes and Nafion-
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based composites have been developed to address the problem of poor thermal and 

mechanical properties [4-6]. 

Understanding the morphological structure of Nafion is as important as developing 

novel membranes, because the ability of proton movement to mirror morphological 

structures such as the ionic channel network is the essential function of the proton 

exchange membrane. Since the 1980s, many research groups have studied to understand 

the morphological structure of Nafion [7-9]. Gierke et al. introduced a cluster-network 

model of Nafionbased on small-angle X-ray scattering and wide-angle X-ray scattering 

measurements [10]. According to this model, the ionic channel network is formed by the 

hydration of ionic clusters, which, in dry conditions, consist of sulfonic acid groups in a 

semicrystalline matrix. These ionic clusters are spheres with a 4 nm diameter in an 

inverted micellar structure, with a narrow 1 nm channel connecting each cluster. The ionic 

channel network becomes more widely interconnected as water uptake in the Nafion 

increases, and the structure becomes more complex as protons move through the network.  

Following Gierke’s study, core-shell model [11], rod-like model [12], and cylindrical 

water channel [13] were proposed. The most recent of these is Klaus and Chen’s 

cylindrical water channel model [13], based on simulation studies conducted using 

existing scattering data. According to Klaus and Chen, cylindrical crystallites of 2–5 nm, 

and cylindrical water channels with a radius of 2–3 nm are formed in the polymer matrix. 

Each cylindrical water channel increases in size as the volume of water contained in 

Nafion increases, and the existence of cylindrical crystallites contributes to the mechanical 

strength of Nafion.  

Despite numerous studies on the morphology of Nafion, the structure of the ionic 

channel network is still unclear. Thus, the morphology of Nafion has been studied using 

atomic force microscopy (AFM), a technique that can map topography at nanoscale 

resolutions [14-16]. AFM can also be used for studying a material’s electrical, magnetic, 

and mechanical properties. With this technique, surface topography is mapped to a 

nanoscale resolution using a scanning tip that can move in the vertical direction. Physical 

properties are mapped using a vibrating tip technique. Here, the tip is oscillated 

sinusoidally as the surface is scanned, and variations in the amplitude and frequency of 

vibration are mapped [17, 18]. Changes in the phase of vibration relates by local 

mechanical properties of the surface, such as elasticity and viscoelasticity [19, 20]. The 

electric properties of a surface can also be characterized using electrostatic force 

microscopy (EFM), or Kelvin probe microscopy [21]. 

EFM has great potential to understand surface electrical characteristic. Thus, it is 

widely used in studies of the surface charge distribution of locally charged materials [22, 

23]. Mélin et al. developed an analytical model for estimating the amount of charge stored 

on a surface using EFM [23]. Here, they assumed that the tip and sample surface created 

a parallel-plate capacitor, and determined the amount of stored charge by calculating the 

capacitive force. They subsequently expanded this model to consider the tip and sample 

surface as other capacitor shapes. Han et al. studied the movement and diffusion of 

natural and injected charge using EFM, to understand the interface of a nano-dielectric 

[19]. They analyzed EFM images using a widely-accepted methodical model [24], to 

explain local charge movement at the SiO2/LDPE boundary. Shen et al. characterized the 

degree of reduction of uniformly monolayered reduced graphene oxide sheets at the 

nanoscale, by analyzing EFM phase signals produced by scanning the graphene oxide 

sheets with different bias voltages applied to the tip. The map can be interpreted 

mathematically [25].  

Numerical approaches for understanding the morphology of proton exchange 

membranes, though the local charge density and dielectric constant are based on AFM. 

Numerous current-sensing AFM and EFM studies have been conducted, with many 

meaningful results [26-29]. 
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In this study, EFM is used to analyze the movement of free charges, to elucidate ionic 

channel morphology. For this, we derived a numerical model of a proton exchange 

membrane based on Zhang et al’s study [26]. Using this numerical model, we characterize 

the ionic channel network of proton exchange membranes with different amounts of 

water uptake. We also extract quantitative information relating the ionic channel network 

to the proton exchange membrane. Furthermore, we attempt to provide a general model 

for interpreting changes in the morphology of a proton exchange membrane. 

2. Experimental Setup and Model Development 

Nafion 212 membranes were studied in two different conditions in our experiments. 

These conditions were prepared as follows. The first membrane, called the dry membrane, 

was inserted an oven, with the temperature maintained at 80 °C overnight, while the 

second membrane, called the wet membrane, was soaked in water overnight. Before 

measurement, the dry membrane was exposed in ambient conditions for 2 h, while the 

wet membrane was soaked in water.  

Both membranes were mapped and analyzed systematically in several steps. First, 

each membrane was scanned at a frequency of 1 Hz as the sample bias voltage was 

changed from -3 V to 3 V in 1 V intervals. Phase images and topography are mapped 

simultaneously in this step. The mean phase lag value of each image was subsequently 

calculated and plotted. Finally, these mean phase values were analyzed using an 

approximation model based on Zhang et al’s study [26].  

An electrical interaction occurs when a bias voltage is applied between the tip and 

the sample surface, as the dielectric sample becomes polarized. The capacitive force that 

is induced between the tip and the sample surface can be expressed as, 

F =
1

2

𝜕𝐶

𝜕𝑧
𝑉2,  (1) 

where F is the capacitive force, C is the capacitance of the space between the tip and the 

sample, V is the applied voltage, and z is the distance between the tip and the sample 

surface. The capacitance of the tip (Ctip), which is modelled as a plate, is  

𝐶𝑇𝑖𝑝 ≅ 𝜋𝜀0𝑅𝑡𝑖𝑝
2 , (2) 

where Rtip is the radius of the tip, and ε0 is the permittivity of free space. From the 

capacitance equation, the charge accumulated in the tip is  

𝑄𝑇𝑖𝑝 = 𝐶𝑇𝑖𝑝𝑉.  (3) 

The tip and sample create a nano sized parallel-plate capacitor filled with air and Nafion, 

as shown in Figure 1. 
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Figure 1. Configuration of the conductive tip and Nafion attached to the sample holder, 

explaining the origin of the capacitor model. 

The capacitance of this parallel-plate capacitor is calculated as, 

C =
𝑄𝑡𝑖𝑝

𝑉
 

(4) 

where, 

𝑉 =
𝑄𝑡𝑖𝑝

𝜀0𝑆
(𝑧 +

𝑡

𝜀𝑟
),  (5) 

S is the area under the tip, t is the thickness of the membrane, and εr is its relative 

permittivity. Then,  

C =
𝜀0𝐴

(𝑧+
𝑡

𝜀𝑟
)
,  (6) 

where A is the area of the tip,  

∂C

∂z
= −

2𝜀0𝑆

(𝑧+
𝑡

𝜀𝑟
)
2, (7) 

and the capacitance force is,  

F𝐶 = −
1

2

2𝜀0𝑆

(𝑧+
𝑡

𝜀𝑟
)
2 𝑉

2.  (8) 

Local free charges exist in Nafion due to the ionic domain. Thus, an electrostatic force 

is also induced between the tip and the sample surface, given as, 

𝐹𝑓 =
1

4𝜋𝜀0

𝑄𝑓𝑟𝑒𝑒𝑄𝑡𝑖𝑝

𝑧2
=

𝑄𝑓𝑟𝑒𝑒

4𝑧2
𝑅𝑡𝑖𝑝
2 𝑉,  (9) 

where (2) has been used to reduce the number of charge variables. Hence, the net force 

between the tip and the sample surface is the sum of the capacitance force and the 

electrostatic force, given as, 

F = −
1

2

2𝜀0𝑆

(𝑧+
𝑡

𝜀𝑟
)
2 𝑉

2 +
𝑄𝑓𝑟𝑒𝑒

4𝑧2
𝑅𝑡𝑖𝑝
2 𝑉,  (10) 

and the force gradient is, 
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∂F

∂z
=

𝜋𝜀0𝑅𝑡𝑖𝑝
2

(𝑧+
𝑡

𝜀𝑟
)
3 𝑉

2 −
𝑄𝑓𝑟𝑒𝑒

2𝑧3
𝑅𝑡𝑖𝑝
2 𝑉.  

(11) 

The frequency shift of Nafion is expressed as,  

∆f ≅ −
𝐹′

2𝑘
𝑓0 = −

𝜋𝜀0𝑅𝑡𝑖𝑝
2

2𝑘(𝑧+
𝑡

𝜀𝑟
)
3 𝑓0𝑉

2 +
𝑄𝑓𝑟𝑒𝑒

4𝑘𝑧3
𝑅𝑡𝑖𝑝
2 𝑓0𝑉,  

(12) 

while phase shift is given as,  

∆∅ ≅ A∆f = −
𝜋𝜀0𝐴𝑅𝑡𝑖𝑝

2 𝑓0

2𝑘(𝑧+
𝑡

𝜀𝑟
)
3 𝑉

2 +
𝑄𝑓𝑟𝑒𝑒𝐴𝑅𝑡𝑖𝑝

2 𝑓0

4𝑘𝑧3
𝑉. 

(13) 

Simples k and f0 represent spring constant of a tip and resonance frequency. 

If a sample is uniform and does not contain local surface charges, the polarity of the 

surface charge of the dielectric sample is opposite to that of the tip charge. Hence, if a 

positive bias voltage is applied, the tip charge is negative and the sample surface is 

positively charged, and vice versa. Thus, the force between the tip and the sample surface 

is always attractive, as shown in Figure 2, even if the polarity of the bias voltage is 

changed. In this case, the first term in (13) is dominant. Thus, there is a parabolic 

relationship between the phase shift and bias voltage, as shown in Figure 2, which also 

depends on εr. In identical experimental conditions, if the sample is homogeneous, the 

phase shift is similar in all scanned areas because the relative permittivity is the same. 

However, the phase shift changes in heterogeneous material due to local differences in 

relative permittivity. When experimental conditions such as temperature and humidity 

change, different phase shifts are measured due to these local changes in relative 

permittivity. 

 

 

Figure 2. Charge distribution in a system with a (a) positive, and (b) negative bias voltage applied. (c) Variation of phase lag value 

with bias voltage. 

 

The behavior of ion exchange membranes can be explained by the combination of the 

PTFE backbone and the ionic channel network created by the interconnection of ionic 

clusters, which consist of sulfonic acid groups. When water binds with the negatively-

charged sulfonic acid groups, protons are solvated, and free charges exist in the 

membrane. Since locally charged regions exist in ion exchange membranes, the phase shift 

is affected by both the first and second terms of (13). Here, Qfree is the local charge related 

to the ionic cluster, in this case, proton movement into the ionic channel network. The 

distribution of ionic channel networks on a surface is random, and changes with surface 

hydration. Thus, characterization of ionic clusters in an ion exchange membrane is 

complicated, and it is even more difficult in composite membranes. However, measuring 

force gradient, which is related to free charge, provides a simple quantitative method for 
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characterizing the ionic channel network. Quantitative information on the homogeneity 

and distribution of the ionic domains on a membrane can be provided by estimating local 

variations in free charge and relative permittivity.  

3. Results 

Figure 3 depicts EFM phase images of dry and wet Nafion with bias voltage swept 

from -3 V to 3 V in 1 V steps. The colors in the image indicate the phase lag value, which 

represents the force gradient. From the image, the color is darker with bias voltage. When 

the same bias voltage is maintained, color is uniform except in the left side of the image. 

This indicates that the areas that have homogeneous morphological characteristics have 

similar phase lag values. However, the phase lag in each colored region does not follow 

the parabolic shape that is typical of changes to force gradient due to induced charge, as 

was shown in Fig. 2.  

 

  

(a) (b) 

Figure 3. EFM image of (a) dry and (b) wet membrane. 

Figure 4 depicts the line profiles of the dry and wet proton exchange membranes, 

providing numerical information on the phase shift at each bias voltage. Both images 

show small changes in phase shift of ~0.2° when the same bios voltage is maintained, and 

relatively large phase shifts of 1° when bias voltage changes. Both membranes have 

positive phase shift values between -3 V and 0 V, indicating that the net electrostatic force 

between the tip and the sample surface is repulsive. In the negative bias voltage 

configuration, the tip is positively charged, and, typically, the force between the tip and 

the sample surface is attractive, due to the negatively-polarized membrane surface. The 

result depicts the opposite phenomenon, implying that the sample surface is positively 

charged. For negative bias voltages, phase lag values are slightly higher for dry 

membranes than they are for wet membranes. Phase shift is negative between 2 V and 3 

V, indicating that the force is in the attractive regime. With these bias voltages, both 

membranes have similar phase lag values.  
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(a) (b) 

Figure 4. Line profile of (a) dry, and (b) wet membrane 

For more detailed analysis, the mean phase value at each bios voltage was plotted for 

both the dry and wet membranes. From this, it can be observed that the phase lag value 

varies linearly with bias voltage with both membranes, as shown in Figure 5. There are 

locally charged regions on the membrane, the behavior of which is characterized by the 

second term in (13). As phase lag is the sum of both terms in (13), a positive phase lag 

value indicates that the second term, relating to local surface charge, is dominant. When 

bias voltage is reduced, the phase lag decreases; with the wet membrane, phase lag values 

of 3.4°, 2.5°, and 1.8° were noted at bias voltages of -3 V, -2 V, and -1 V, indicating that 

both terms in the equation decreased as bias voltage was reduced. With the dry 

membrane, the phase lag values were 4.0°, 3.4°, and 2.5° at -3 V, -2 V, and -1 V, 

respectively. Wet membranes typically have higher proton conductivities than dry 

membranes, and a high ionic channel network density, due to their creation of an ionic 

channel network. The difference between the phase lag values of wet and dry membranes 

is thus connected to the second term in (13). At 1 V, this value is close to zero. In contrast, 

at 2 V and 3 V, both membranes have similar negative phase values. Both membranes has 

similar phase values at 2 V and 3 V. Specifically, dry and wet membranes have the same 

the lag value at 3 V. This result implies that the electrical interaction is only between the 

charged tip and the polarized surface charge. Thus, the second term in (13) does not have 

any effect on the phase lag in this case. 
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Figure 5. Variation of phase lag with bias voltage for different membrane conditions 

4. Analysis and Conclusion 

Local charge density, which reflects the ionic channel network, can be approximated 

based the first term and second term of (13). To do this, the phase lag value at each bias 

voltage must be related to a microscopic electrostatic phenomenon. To understand the 

generation of positive phase lag at negative sample bias voltage, the operation of a tip 

when bias voltage is applied during scanning must be analyzed. There is typically a water 

layer between the tip and the sample surface. When the bias voltage is applied, hydrolysis 

occurs, hydrogen is produced, and protons are created because of the Pt-coated tip. Figure 

6 depicts the local variation in the current flowing through the Pt tip and the half 

membrane electrode assembly as bias voltage is swept. Current flows when the 

magnitude of the bias voltage is larger than 1.5 V, indicating that protons are created when 

a voltage is applied to the Pt tip. 
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Figure 6. Variation of current with bias voltage applied to the Pt tip  

The phase lag generated at negative bias voltages includes a contribution from the 

interaction between released protons and the ionic domains on the membrane surface. As 

the membrane is negatively charged, due to polarization, it attracts protons that cover its 

surface. Thus, positive phase lag values are measured, because a repulsive force is 

induced between the positively-charged tip and the proton-covered surface. The 

magnitude of the repulsive force is related to the density of the activated ionic channel 

network. When water uptake in the membrane increases, an ionic channel network is 

developed, as the number of interconnections between the ionic channels grows. Protons 

are accelerated into the ionic channel by the external electric field, as shown in Figure 7. 

The number of ionic domains increases as the number of protons on the membrane surface 

decreases. Thus, there is a reciprocal relationship between the repulsive force between the 

tip and the membrane and the area of the ionic domain.  

 

 

Figure 7. Proton movement into the ionic channel with (a) negative, and (b) positive sample bias voltages 

 

Table 1 summarizes the mean phase lag values for dry and wet membranes, and the 

values when there are no protons on the membrane surface. The latter value is calculated 
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using only negative bias voltages. With both dry and wet membranes, the phase lag 

increased with the bias voltage, which can be explained as proton generation increasing 

due to hydrolysis. At all negative bias voltages, dry membranes have a larger phase lag 

value than wet membranes, which is consistent with our assumptions. Hence, the area of 

the ionic domain on the membrane can be approximated using phase lag difference. 

The net electrical charge of the protons at each bias voltage and membrane condition 

was estimated using (13). This approximation is conducted in several steps. First, because 

the phase lag value obtained for each membrane includes a contribution due to 

polarization-induced charge, the phase lag when there are no protons on the membrane 

surface is subtracted from this value. Then, a tip radius is calculated for each membrane 

using the blind tip reconstruction method [30]. Finally, the net charge of the protons is 

calculated using the second term of (13).  

Table 1. Mean phase lag value of each membrane 

Bios 

voltage 

(V) 

Dry 

membrane 

(Degree)  

Wet 

membrane 

(Degree) 

No proton 

(Degree) 

Phase lag difference 

between wet membrane 

and no proton 

Phase lag difference 

between dry membrane 

and no proton 

-3 4.02 3.31 -1.134 5.15 4.45 

-2 3.10 2.54 -0.504 3.60 3.04 

-1 2.24 1.78 -0.126 2.36 1.90 

 

The results of calculation for net charge are summarized in Table 2. In the dry 

membrane, the net charge is 8.71 × 10-18 C, 6.07 × 10-18 C, and 3.99 × 10-18 C at -3 V, -2 V, and 

-1 V, respectively. Hence, the net charge increases as bias voltage is increased. The value 

at -1 V is much smaller than the net charge at the other voltages, due to the relatively small 

amount of proton generation at -1 V. This is consistent with the variation in local current 

with a swept bias voltage, as shown in Figure 6. However, the latter result does not 

provide absolute numerical information about the ionic domain. In the wet membrane, 

the net charge is 1.87 × 10-18 C, 1.28 × 10-18 C, and 8.06 × 10-18 C at -3 V, -2 V, and -1 V, 

respectively. These results show a similar trend to that observed with the dry membranes. 

However, the amount of electrical charge is much smaller than with dry membranes, 

possibly due to the partial movement of protons into the ionic channels. This result 

indicates that wet membranes have a larger ionic domain than dry membranes. Here, the 

repulsive force is due only to the protons that do not move into the ionic channel network. 

The difference between the net charge of dry and wet membranes is similar at each bias 

voltage, and is ~79%–80%. This result implies that 80% of the liberated protons move into 

the wet membrane, only 20% of protons interact with the tip, and this ratio is independent 

of bias voltage. From this, it can be surmised that the area of the ionic channels on the 

surface of a wet membrane increases by ~80% compared with that on a dry membrane. 

Previous experimental results have shown that there is an approximately 80% difference 

between proton conductivity in ambient conditions and fully humid conditions [31, 32]. 

Hence, our calculations are consistent with the literature.  

Table 2. Net charge of each membrane 

Bios voltage (V) Net charge of dry membrane (C) Net charge of wet membrane (C) % difference 

-3 8.71X10-18 1.87 X10-18 78.5 

-2 6.07 X10-18 1.28 X10-18 78.9 

-1 3.99 X10-18 0.81 X10-18 79.8 
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In this study, we determined the local charge density of a proton exchange 

membrane, which is directly related to the ionic domain, using an approximation model, 

and phase lag values obtained from electrostatic force microscopy. We also studied the 

variation of ionic channel networks in Nafion membranes in different conditions, with the 

results agreeing well with those of previous studies [31]. The enhancement of proton 

conductivity is prime purpose of developing the proton exchange membranes. Proton 

conductivity is governed by morphological structure of ionic channel network. Thus, the 

characterization of ionic channel network is mandatory of developing the novel proton 

exchange membranes. The numerical approximation model for local charge density 

derived using electrostatic force microscopy is become an important tool for characterize 

novel proton exchange membrane.  
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