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A B S T R A C T   

Nanoporous ionomer-bound carbon films are frequently operated in the wet environments when they applied as 
electrode materials in advanced devices, such as polymer electrolyte membrane fuel cells, and electro-active 
polymer actuators. However, the intrinsic swelling behavior is still concealed because of the challenge in 
obtaining the film in free-standing form due to its inherent brittleness. Here, we report the pure swelling 
characteristic of the film under various temperature and humidity by attaining the free-standing film. Mis-
matched strain is adopted for the separation of the films from the coating substrates. The swelling strain of the 
free-standing films is measured in-situ by a digital image correlation method. Simultaneously, the electrical 
resistance is measured by a digital multimeter and it is correlated with the microstructural alteration caused by 
the swelling. Macroscopic swelling is discovered in contrast to the conventional knowledge that the electrode is 
dimensionally stable due to the absorption of ionomer’s swelling into pore spaces. The nanoporous electrodes 
demonstrate in-plane swelling of 1–4% at 90 %RH depending on the weight fraction of ionomer. In spite of the 
macroscopic swelling, the ionomer 30 wt% containing electrode is electrically stable but the ionomer 80 wt% 
electrode shows 10 times increased electrical resistances. The correlated characteristics reveal that the film has a 
structural transition from decoupling to coupling between the macroscopic swelling and the electrical resistance 
depending on the ionomer’s binding structure.   

1. Introduction 

Nanoporous ionomer-bound carbon films have been extensively used 
as electrode materials in polymer electrolyte membrane fuel cells 
(PEMFCs), supercapacitors and electro-active polymer (EAP) actuators 
due to their excellent capacitance, high mechanical flexibility and good 
electrical and ion conductivity [1–3]. The present ionomer-bound car-
bon matrix structure was introduced by Wilson et al. in 1992 as a new 
philosophy for the structure of the PEMFC electrode [4]. In their study, 
the conventional polytetrafluoroethylene (PTFE) binder was replaced 
with a hydrophilic Nafion ionomer binder to maximize catalyst utiliza-
tion by satisfying proton access, gas access and electronic path conti-
nuity. However, swelling of the hydrophilic binder under humidified 
operation led to microstructural alteration of the electrode [5]. Mis-
matched swelling between ionomer binder and carbon nanoparticle 
caused the crack growth of the electrode, the ionomer delamination and 
aggregation [6,7]. Such microstructural instability resulted in the 
degradation of performance due to the increased charge transporting 
resistances and the reduced triple phase boundary regions. 

Macroscopic swelling mismatch between the electrode and the PEM 
also causes mechanical failures of the electrode under humidity cycles 
[8]. Membrane electrode assembly (MEA) is buckle-deformed by con-
strained in-plane swelling during operation. Such deformation and their 
mismatched in-plane swelling contributed to the electrode crack and the 
electrode delamination from the PEM by cyclic tensile loads [9]. 
Considering the operating environments, the swelling behaviors of the 
PEM and MEA have been systematically investigated to understand the 
hygro-thermo-mechanical response of fuel cell [10,11]. In addition, the 
effects of humid environments on the electrode’s electronic resistance 
were examined on its coated substrates depending on the equivalent 
weight of ionomer [12] and the direction of the electron transporting 
path [13]. However, the intrinsic swelling behavior of the electrodes and 
its correlation with the electrical resistance are still concealed. Because 
of the electrode’s inherently fragile nature, major challenge to unveil the 
swelling characteristic of electrodes is obtaining them in free-standing 
by separating from the coating substrates [14]. Recently, this chal-
lenge was overcome through development of an ice-assisted electrode 
separation method and the mechanical properties of the pristine 
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electrodes were assessed on water surface by a pseudo free-standing 
tensile test [15]. However, by attaining the electrodes without such 
environmental constraint, quantitative investigation of the electrode 
swelling behavior under various temperature and humidity can be 
performed for accurate analysis of hygrothermal stress in mechanically 
robust design, expanding to its effects on the device’s electrochemical 
performance. 

Here, we examined the intrinsic swelling behavior of the electrodes 
by attaining them in free-standing form. Using mismatched swelling 
strain between the electrode and the coated substrate, the electrodes 
were prepared in self-supporting form by separation from the coating 
substrates. For a variety of electrodes with different ionomer contents, 
pure hygrothermal expansions by ionomer binder swelling were quan-
titatively measured in-situ using a digital image correlation (DIC) 
method under controlled temperature and relative humidity. Moreover, 
electrical resistances were measured at the same time to characterize the 
effect of the structural alteration due to macroscopic electrode swelling 
on its electron transport property. The quantitative hygro-thermo- 
electrical relationship of the electrode was obtained through empirical 
modeling for the measurements. 

2. Experimental section 

2.1. Materials 

Carbon black nanopowder was received from Sigma-Aldrich (Meso-
porous carbon, USA). Nafion ionomer 20 wt% dispersion was purchased 
from Ion Power (Nafion D2021, USA). The following solvents were used 
in electrode preparation: iospropyl alcohol from Chemitop (C3H8O, 
>99.9%, Republic of Korea) and deionized (DI) water (18.2 MΩ cm) 
purified through a water purifier system from MDM instruments (Re-
public of Korea). 

2.2. Electrode preparation 

Ionomer-carbon composite electrodes were fabricated through a 
conventional blade coating method to obtain these electrodes in thin 
film form. Carbon nanoparticles dispersed inks were prepared by mixing 
the carbon black nanopowder, the Nafion dispersion, DI water, and 
isopropyl alcohol. The mixture inks consisted of 6 wt% solid content and 
94 wt% solvent content. Three different ionomer contents of 30, 50 and 
80 wt% were selected in this study to quantitatively survey the ionomer 
content dependency of the hygrothermal behavior. To disperse the 
carbon nanopowder uniformly, ultrasonication was performed using an 
ultrasound probe (VC-505, Sonics, USA) at 20 kHz for 1.5 h. Solvent 
evaporation during the sonication was minimized by maintaining the 
temperature of the dispersion in an ice-cooled bath. The mixed inks were 
coated onto glass substrates using a tubular shape applicator at room 
temperature. The coated electrodes were dried at 40 ◦C for 4 h and 
annealed at 110 ◦C for 2 h in a convection oven (OF-02GW, JeioTech, 
Korea). The thin film electrodes have a few micrometers of final thick-
ness within 4–10 μm. 

2.3. Preparation of free-standing electrode 

Separating a few micrometers of thin film electrodes from the coated 
substrates is a critical and challenging procedure for the intrinsic 
hygrothermal characterization in self-standing form. To achieve this, it 
would be a helpful approach to sufficiently increase the driving force of 
electrode separation over the adhesion strength between the electrode 
and the substrate. Moreover, the separating force should not exceed the 
tensile strength of the electrodes. Swelling mismatch is one of the pri-
mary causes for the interfacial delamination in paint films [16], wooden 
floors [17], and IC packaging materials [18]. This critical failure was 
rather utilized in positive way for separation of the fragile films from 
their coating substrates. Recently, using this swelling mismatch, the 

free-standing electrode was successfully obtained without any support-
ing substrates [19]. The electrodes were prepared by a blade coating of 
electrode dispersion on glass substrates with three different ionomer 
weight fraction of 30 wt%, 50 wt% and 80 wt% (Fig. 1a). As shown in 
Fig. 1b, the electrode was immersed in DI water for an hour at room 
temperature to swell itself through the hydrophilic ionomer binder. A 
pre-crack was manually induced using an edge blade to promote the 
electrode swelling at the interfacial crack tip by the penetration of the 
water molecules (Fig. 1c). The pre-delaminated area introduced by the 
edge blade was utilized as a loaded surface for the separation of the 
electrodes (Fig. 1d). The surface tension of the water was used to 
separate the electrode. The non-uniform stress due to a small concen-
trated load may even cause unexpected electrode fractures by exceeding 
the tensile strength. Uniformly distributed separation forces were 
applied to the thin film electrodes using the water’s surface tension, 
which is widely exploited as a pseudo free-stranding platform in 
advanced thin film technologies such as tensile testing [20] and as-
sembly of thin films [21]. The electrode coated substrate was submerged 
into water with an incident angle to clearly detach the electrode by the 
surface tension and to accelerate the penetration of the water molecules 
through the electrode-substrate interface (Fig. 1e). The separated elec-
trode was floated on the water surface (Fig. 1f), and this electrode was 
transferred onto a glass scoop-up substrate to get it off from the water 
surface (Fig. 1g). A free-standing electrode was obtained through a 
drying process at room temperature over time (Fig. 1h). 

As an example, the ionomer 50 wt% electrode on a glass substrate 
(coated area of 4000 mm2) was separated by the water’s surface tension 
as shown in the photograph (Fig. 1i). The other weight fraction elec-
trodes were also successfully separated using the same method. Self- 
delamination from the scoop-up substrate was used to obtain the elec-
trode in self-supporting form by drying in air (Fig. 1j and Supplementary 
Video 1). There is a non-uniform stress distribution through the direc-
tion of the electrode thickness due to the different humidity boundary 
condition (Figure. S1a). The bottom surface of the electrode has a highly 
humid boundary condition due to trapped water between the electrode 
and substrate. On the other hand, the top surface is exposed to the 
ambient environment, and hence, this provides a relatively lower humid 
boundary condition than that of the opposite one. Such boundary con-
ditions induce a non-uniform moisture distribution inside the electrode, 
developing tensile stress on the top surface and compressive stress on the 
bottom [22]. This residual stress condition enables the film to 
self-roll-up by releasing the constraints from the substrates [23]. In a 
similar way, the transferred electrode was self-delaminated by the 
removed constraints as the moisture evaporated at the interface during 
drying (Fig. S1b). A 4 μm of free-standing electrode was achieved by 
manually picking it up from the scoop-up substrate (Fig. 1k). 

Supplementary video related to this article can be found at htt 
ps://doi.org/10.1016/j.polymertesting.2021.107241 

2.4. Characterization 

The swelling strain was measured by a DIC analysis. The strain im-
ages were captured by a digital microscope (250X digital USB micro-
scope, Plugable, USA) with an image resolution of 2 megapixel at each 
characterization temperature and humidity at which 60 images were 
obtained for 1 min with 1 frame/sec. The images were analyzed through 
a DIC software (ARAMIS, GOM, Germany) with above 0.02% strain 
accuracy. The representative strain was calculated by averaging the 
measured 60 strains at each measuring point. The electrical resistance 
was simultaneously characterized by a digital multimeter using a four- 
wire measurement method (Keithley 2000 Multimeter, Keithley In-
struments, USA). At each measuring point, the number of resistance data 
was also 60, which were collected for 1 min with 1 data/sec. 

The cross-section of the nanoporous electrodes was characterized by 
a dual beam work station (Helios Nanolab 450 F1, FEI Company, USA) 
consisting of a focused ion beam (FIB) and a high-resolution scanning 
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electron microscope (SEM). The tilting angle between the ion beam and 
the electron beam was 52◦. A layer of Pt was deposited on the sample 
surface to prevent curtaining effects and the FIB milling was performed 
using a Ga liquid metal ion source. The cross-section was imaged by an 
accelerating voltage of 10 kV with a beam current of 200 pA. 

The nanostructures were characterized by high-angle annular dark- 
field scanning transmission electron microscopy (HAADF-STEM) and 
energy-dispersive X-ray spectroscopy (EDXS). Cross-sectional STEM 
samples were prepared by the dual beam FIB with the thickness of ~80 
nm. The samples were mounted on lift-out TEM grids (Omniprobe Inc., 
USA) for the nanostructural characterization. HAADF-STEM analysis 
and EDXS elemental mapping at the analyzed area were conducted using 
a field emission TEM (Talos F200X, FEI Company, USA) equipped with a 
Super-X EDS with four windowless silicon-drift detectors. The charac-
terizations were performed with an accelerating voltage of 200 kV and 
the elemental mapping signals were collected over 1 min with a probe 
current of ~560 pA. 

2.5. Measurement of swelling strain and electrical resistance 

A customized set-up in lab scale was designed to measure simulta-
neously the swelling strain and electrical resistance of the thin film 
electrodes in-situ. Due to the fragile nature of such particulate nano-
porous electrodes, the major obstacle is to develop a measurement 
technique that is able to mount these thin electrodes on a test bench. 
Moreover, free expansion should be enabled under experimental con-
ditions, transferring electrical signals to the digital multimeter at the 
same time. To overcome these challenges, a water surface was selected 
as a frictionless platform providing free hygrothermal expansion to the 

electrodes. For this surface, it is known that the frictional drag force is 
negligible at a sufficiently low speed [24]. As shown in Fig. 2a, one side 
of the electrode specimen was fixed and the other side was attached to a 
water floatable platform for free linear expansion in an environmental 
chamber (TH-PE-100, JeioTech, Republic of Korea). The conventional 
gripping method was refrained to avoid the sample damage caused by 
contact force. Instead, commercial adhesive tapes were used to keep the 
contact between the bottom surface of the electrode and the copper 
electrode. Copper electrodes were utilized to connect the samples elec-
trically with the digital multimeter. On the floating substrate side, a 
highly conductive semiconductor grade of micro gold wire (25 μm 
diameter, MK electronics, Republic of Korea) was connected through a 
Teflon guide as an electrical bridge with negligible stiffness. In-situ 
characterization of the electrical resistance was performed by the 
four-wire measurement method using the digital multimeter. A probe 
type hygro-thermometer (KITHI-150, KIMO Instruments, France) 
tracked the relative humidity and temperature in real time inside the 
chamber. 

A contact-free method is preferred to measure the swelling strain. 
Conventional contact based methods such as a thermo-mechanical 
analyzer may cause unexpected sample deformation or fracture. Alter-
natively, the DIC method was adopted in this quantitative character-
ization as a contact-free method. The DIC method is widely used to 
precisely measure the dimensional changes induced by humidity and 
thermal effects for a variety of materials including flexible substrates 
[22] and soft elastomers [25]. This method quantitatively investigates 
deformation by tracing the movements of specific patterns on samples 
based on image analysis. In this regard, white speckle patterns of quick 
drying inks were sprayed onto the electrode surface for in-plane strain 

Fig. 1. (a)–(h) Fabrication process of the free-standing ionomer-bound carbon film. Schematics of prepared electrode on a substrate by the blade coating method (a), 
soaking in DI water to induce partial delamination of the electrode by swelling stress (b), manually introduced a pre-crack using an edge blade to obtain a pre- 
delaminated area (c), drying in air before electrode separation (d), submerged electrode/substrate for separation of electrode using the water’s surface tension 
(e), floated electrode on water surface (f), transferred electrode on the scoop-up substrate (g), and obtained free-standing electrode after drying in air (h). (i)–(k) 
Photographs for the separation of the coated electrode (4000 mm2) using the water’s surface tension (i), self-delaminated electrode due to non-uniform stress 
distribution in the drying process (j), and hence, this enables manually picking up the electrode in free-standing form without any damage (k). 
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Fig. 2. (a) In-situ set-up to measure the electrode swelling and electrical resistance. (b) White speckle patterns are spray coated on the free-standing electrode for 
quantitative DIC analysis of the swelling strain with three different gauge lengths of 2.5 mm. (c) Measured swelling strains for the gauge lengths are plotted as a 
function of the relative humidity. 

Fig. 3. Cross-section of the ionomer 50 wt% electrode observed before (a) and after separation (b) from the coating substrate through the FIB SEM imaging. (c) Sheet 
resistance of the electrodes before and after the separation. HAADF-STEM images show the bridging ionomer dominant structure of the ionomer 30 wt% electrode (d) 
and the covering ionomer structure for the ionomer 50 wt% electrode (e) and the ionomer 80 wt% electrode (f). The elemental mapping images corresponding to the 
HAADF-STEM image of the ionomer 30 wt% (g), the ionomer 50 wt% (h), and the ionomer 80 wt% (i). 
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measurement (Fig. 2b). Using this pattern in the DIC technique, quan-
titative strain analysis was conducted on the free hygrothermal expan-
sion of electrodes. At 10 %RH of each characterization temperatures, 
reference images were captured by the digital microscope from the di-
rection of normal to the patterned surface (Fig. 2a). Three different 
gauge lengths with 2.5 mm were selected to measure the swelling strain 
from the reference as a function of the relative humidity and tempera-
ture (Fig. 2b). Negligible strain differences were observed at each 
measuring RH point with only an averaged standard deviation of 0.03% 
(Fig. 2c). Therefore, the representative swelling strain is determined by 
averaging the measured strains of each gauge length. Horizontal align-
ment was also monitored in real time (Fig. S2) through another digital 
microscope shown in Fig. 2a. 

3. Results and discussion 

3.1. Nanostructure of the free-standing electrodes 

The cross-section of the electrode was observed by the FIB SEM 
imaging. As shown in Fig. 3a, the ionomer 50 wt% electrode consisted of 
continuously connected ionomer-bound carbon agglomerates, forming 
nanoporous structure. After the electrode separation, this microstruc-
ture was maintained without remarkable structural change such as 
cracks (Fig. 3b). The ionomer 30 wt% and 80 wt% containing electrodes 
were also separated from the coating substrates without significant 
structural alterations (Figure. S3). Before the electrode separation, 
initially the electrodes have sheet resistances of 0.67 ± 0.10 kΩ/sq, 1.82 
± 0.04 kΩ/sq, and 26.28 ± 1.26 kΩ/sq for ionomer 30 wt%, 50 wt% and 
80 wt%, respectively (Fig. 3c). Considering standard deviation, the 
separated free-standing electrodes have similar sheet resistances 
compared to the resistances measured before electrode separation 
(Fig. 3c). 

The nanostructures of free-standing electrodes were analyzed 
through the HAADF-STEM. The ionomer’s binding structure can be 
visualized by staining the ionic domains with Cs+ ions [26], which 
provide highly enhanced contrast of ionomer binder because the signal 
intensity of HAADF-STEM is proportional to the square of element’s 
atomic number. The ionomer 30 wt% electrode was structured by ~9 
nm of thin ionomer binders and they bridged neighboring carbon ag-
glomerates (Fig. 3d). In this electrode, the ionomer binder dominantly 
concentrated on the boundary of carbon agglomerates as shown the 
elemental mapping analyzed by the EDXS (Fig. 3g). As increasing the 
weight fraction of ionomer, the electrodes have thicker ionomer binder 
up to ~30 nm (Fig. 3e and f). In addition, the binder was widespread and 
covered onto across the neighboring agglomerates as the electrodes have 
sufficient amount of ionomer (Fig. 3h and i). 

3.2. Intrinsic swelling of the free-standing electrodes 

The customized set-up was installed inside the environmental 
chamber to measure the swelling strain of free-standing electrodes in- 
situ. The relative humidity was controlled from 10 (reference humidity) 

to 90 %RH under three different temperatures of 25, 50, and 70 ◦C. 
Interestingly, all the free-standing electrodes including even a very small 
ionomer containing electrode showed a macroscopic in-plane swelling 
strain depending on the relative humidity (Fig. 4a-c). These ionomer- 
bound nanoporous carbon electrodes have been believed that they do 
not macroscopically swell because the pore spaces may absorb the 
ionomer swelling, and there has been absent of quantitative results 
available in literatures. Hence, non-swelling assumption have been 
widely used to analyze PEMFC’s mechanical response for convenience 
[8,27]. Considering the macroscopic strain examination, the results 
implied that the ionomer binder film intrinsically swells not only into 
the pore spaces but also in the connected direction of the carbon 
nanoparticles, contributing to a measurable swelling strain of the elec-
trode by increasing the distance of the percolation networks. 

Higher hygroscopic expansion was observed as the increasing rela-
tive humidity and weight fraction of the ionomer. At 90 %RH of 25 ◦C, 
the electrodes swelled 0.36 ± 0.18%, 0.56 ± 0.11%, and 1.61 ± 0.15% 
for ionomer 30 wt%, 50 wt% and 80 wt%, respectively. Regardless of 
experimental temperatures, higher ionomer containing electrode 
swelled more than that of lower ionomer electrode. These results were 
originated from higher water absorption as increasing ionomer contents 
and the linearity of ionomer’s swelling strain with absorbed water 
molecules [28,29]. The temperature dependency of the swelling defor-
mation was also observed such that each electrode sample was swollen 
more at the elevated temperature. At 90 %RH of 70 ◦C, which is 
PEMFC’s typical operation temperature, the electrodes swelled 0.82 ±
0.03%, 1.15 ± 0.18%, and 3.80 ± 0.14% for ionomer 30 wt%, 50 wt% 
and 80 wt%, respectively. The relaxation of polymer matrix and the 
increased swelling coefficient at elevated temperatures led to such 
temperature dependency of electrode swelling [10,30]. However, 
compared to bulk Nafion membrane, the in-plane swellings of electrodes 
were lower than that of the bulk membrane, which swelled up to ~10% 
at 85 %RH of 70 ◦C [31]. These quantitative results of intrinsic swelling 
behaviors can be applied to dimensionally reliable design of MEA or 
design improvement of gas flow channel by using the results in theo-
retical and numerical analysis of hygro-thermo-mechanical responses. 

3.3. Dependency of electrical resistances on the electrode swelling 

The effect of in-plane swelling on the electrical property was exam-
ined by measuring the electrical resistance of each electrode in real time. 
The normalized resistance of the thin film electrodes shows a similar 
trend with their swelling behavior (Fig. 5a–c). Here, the terminologies of 
Rs and R0 mean the electrical resistance of the swollen electrodes at a 
given relative humidity and the initial electrical resistance, respectively. 
Interestingly, the ionomer 30 wt% electrode showed a nearly constant 
electrical resistance even though this electrode demonstrated in-plane 
dimensional changes under the testing environments. The ionomer 50 
wt% electrode has an ~60% average increment at maximum at 90 %RH 
for all the measured temperatures. The resistance of the ionomer 80 wt% 
electrode tends to be more increased at the elevated temperature, 
showing the increased resistance of ~340 kΩ that is ten times more at 

Fig. 4. Swelling strain versus relative humidity for three different ionomer containing electrodes at 25 ◦C (a), 50 ◦C (b), and 70 ◦C (c).  
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the maximum relative humidity and temperature. 
Such variation of the electrical resistance is highly dependent on the 

alteration of the percolation structure of the conductive particles. The 
electrical resistance is directly related with not only the amount of 
conductive particles but also the connections between the agglomerates 
of the particles [32]. Therefore, the disconnection of the electron 
transport path by swelling is dominantly involved in the increment of 
the electrode resistance because the amount of carbon particles remains 
constant though the electrode swells. The ionomer binder in the elec-
trodes can be divided into two distinct regions that are covering the 
conductive carbon agglomerates and physically bridging them without 
any electrical connection (Fig. 5d) as observed through HAADF-STEM 
imaging (Fig. 3d–f). This indicates that the swelling of the ionomer 
binder covering the carbon agglomerates mainly causes the variation in 
the electrical resistance owing to disconnections of the conductive ag-
glomerates by increased distance, whereas that of the ionomer binder 
physically bridging the carbon particles only influences the dimensional 
change of the electrode due to its initial role as an electrical insulator. It 
is noteworthy that the remarkable increment in the resistance is not 
observed for the ionomer 30 wt% electrode although this electrode has a 
measurable macroscopic strain in the free-standing form. It means that 
this electrode composition is dominantly structured as bridging ionomer 
binder like observed HAADF-STEM imaging and the swelling of the 
ionomer thinly covering conductive agglomerates may insufficient to 
induce a noticeable increment in the electrical resistance, almost 
maintaining the electron path (Fig. 5e). Hence, we believe that the 
macroscopic in-plane swelling mainly originated from the bridging 
binder with negligible effects on the electrical resistance because of the 
binder’s initial role as an electrical insulator. In this study, a discrimi-
nable resistance variation is observed from the ionomer 50 wt% 

containing electrode. Enhanced adsorption of water molecules leads to a 
drastic increase of the electrical disconnection by significantly increased 
electron paths due to the swelling in the thicker covering ionomer binder 
(Fig. 5f), contributing to the macroscopic swelling simultaneously. 

The quantitative relationship between macroscopic swelling and 
electrical resistance was investigated depending on the weight fraction 
of the ionomer in electrodes. Normalized resistances were plotted as a 
function of each responding swelling strain (Fig. 6a–c). Typically, 
electrical resistance has a correlation with electrical conductivity and 
the material’s shape as follows [13]: 

R= l/σ⋅A (1)  

where R [Ω], l [m], σ [Ω− 1∙m− 1], and A [m2] are the resistance, the 
length of the material, the electrical conductivity, and the cross- 
sectional area of the material, respectively. For a particulate compos-
ite material such as the electrodes used in this work, the effective elec-
trical conductivity is commonly used in electrical analysis based on the 
Bruggeman approximation as the following expression [33]: 

σeff = σcarbon(φcarbon)
m (2)  

where σeff, σcarbon, φcarbon, and m denote the effective conductivity, the 
conductivity of the carbon particle, the volume fraction of the carbon 
particles in the electrode, and the Bruggeman exponent. The exponent 
varies in reality though an exponent of 1.5 is widely applied. This 
equation shows that the effective conductivity changes as the total 
volume changes even though the volume of the carbon conductor re-
mains constant. By replacing the electrical conductivity with the effec-
tive one in the equation of typical electrical resistance, the relationship 
between the normalized resistance and the swelling strain can be 

Fig. 5. (a)–(c) Normalized resistance versus relative humidity for the ionomer 30 wt%, 50 wt% and 80 wt% electrodes at 25 ◦C (a), 50 ◦C (b), and 70 ◦C (c). (d)–(f) 
Carbon particle agglomerates are physically connected by the ionomer binder, which can be distinguished by two different binding structures: covering and bridging 
ionomer binder (d). For low ionomer containing electrode, disconnection of the electrical path by hydration of the covering ionomer binder has a lower chance of 
occurring (e) compared to the high ionomer containing electrode (f). 
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obtained as below (See the Supplementary Note): 

Rs/Ro
∝(1 + εswell)

a
, (3)  

where a is the power law exponent. As shown in Fig. 6a–c, the higher 
ionomer containing electrode is fitted with the increased power law 
constant. All the electrodes are insensitive to the power law constant 
within the investigated temperatures. The ionomer 30 wt% electrode 
shows almost a zero value for the constant. Increasing the ionomer 
content in the electrode leads a higher power law exponent by the 
increased electron path’s disconnection as described. These quantitative 
values mean that the ionomer-bound carbon film electrode has a tran-
sition in the binding structure from macroscopically decoupling to 
coupling of the swelling strain with the electrical resistance depending 
on the weight fraction of the ionomer. 

As observed in Fig. 3d–f, the electrodes have structural transition 
developing from the bridging ionomer dominant structure to the 
covering ionomer structure as the weight fraction of ionomer increases. 
For the ionomer 30 wt% electrode, the ionomer shows more concen-
trated structure on the boundary of carbon black (Fig. 3d). This ionomer 
bridges adjacent carbons, fairly swelling by water absorption. Regard-
less of the ionomer’s swelling, this bridging structure blocks the trans-
port path of electrons, and hence, this structure has a decoupling 
structure of the swelling with the electrical property as illustrated in 
Fig. 5e. Increased weight fraction of ionomer causes development of 
covering ionomer on carbon conductors with increased binding thick-
ness (Fig. 3e and f). This covering ionomer couples the swelling with the 
electrical property because the swelling of this ionomer’s structure af-
fects not only on the macroscopic dimensional changes but also on the 
disconnection of electron paths with physically increased distance of the 
covered carbon particles by the swelling (Fig. 5f). These quantitative 
and visualized hygro-thermo-electrical relation could help to analyze a 
device’s performance and design a robust electrode structure by 
applying such a relationship for multi-physical modeling before 
fabrication. 

4. Conclusion 

The intrinsic swelling behavior of the nanoporous ionomer-bound 
carbon electrodes is unveiled by obtaining the electrode in free- 
standing form, and demonstrated that the electrical sensitivity to the 
swelling is varied on ionomer’s binding structures. To investigate the 
pure swelling characteristics, an electrode separation method is adopted 
by utilizing swelling stress and water’s surface tension. Through the 
separation method, free-standing thin film electrodes are obtained 
without any environmental constraints. A customized set-up was con-
structed for real time measurement of the in-plane hygrothermal 
expansion and electrical resistance taking into consideration their 
operating environments. In contrast to the conventional knowledge that 
the electrode does not macroscopically swell, observable dimensional 
changes were found by DIC based strain analysis within the range of 
1–4% at the maximum measurement temperature and relative humidity. 

This quantitative evaluation can be usefully applied to a variety of 
theoretical and simulation based modeling of hygro-thermo-electro- 
mechanically coupled analysis. Moreover, a higher increment of elec-
trical resistance is demonstrated for the higher ionomer containing 
electrodes because of the increased electron path caused by the ab-
sorption of water molecules. Interestingly, the ionomer 30 wt% elec-
trode shows negligible variation in the resistance unlike its swelling 
behavior when the temperature is increased. This indicates that the 
thermal effect is not strong enough to cause additional swelling of the 
ionomer binder covering the carbon agglomerates in case of the ionomer 
30 wt% electrode. 
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