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Education activities will use the PI’s unique perspective as a former elementary school 
teacher to extend program benefits to an array of participants, including students at the Colorado 
School of Mines (CSM) and at middle schools in Denver, CO and beyond.  At CSM, the project 
will benefit the PI’s graduate electrochemistry course and enable valuable research experiences 
for undergraduates (REU) and graduate research assistants (GRAs).  We will also develop 
education modules based on the research, to be delivered by the GRA in local middle schools 
with populations underrepresented in STEM.  Modules will be delivered in-person and online for 
teachers nationwide.  Lastly, GRAs will gain research experience at NIST as part of this project.   

Specific education objectives include: 

1. Train undergraduate and graduate students to conduct and present high-quality 
research to diverse audiences, including at national laboratories. 

2. Teach graduate students about the iterative relationship between experiment and 
simulation in materials design and electrochemistry. 

3. Inspire and educate local middle school students underrepresented in STEM careers 
on topics such as scientific inquiry, energy storage and use, and STEM career options. 

4. Provide resources for middle school teachers to teach advanced scientific concepts 
surrounding energy technology. 

Project Overview 

As illustrated in Figure 1, functional polymers play key roles in PEMFCs and Li-O2 batteries.  
Polymers bind particles together and ensure adhesion to current collectors.  In the PEMFC, this 
same polymer (Nafion) conducts ions between the electrolyte and catalyst, enhancing the active 
surface area.  Recent work demonstrates that high transport resistance in the CL Nafon is a 

Figure 1. Possible roles of functional polymers in PEM fuel cells (left) and Li-O2 batteries (right).  
Functional polymers can increase active surface area, but rely on stable interfaces and facile species 
transport to and from surfaces.  This study proposes improved understanding of stability and transport in 
functional polymers to enable improved electrode designs for efficient clean energy devices. 
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Finite thickness effects in PEMFC 
Catalyst Layer Nafion

affected by confinement can lend insight into the origins of the
suppression in water solubility or uptake.
Thin Film Nanostructure by GISAXS. Recently, GISAXS

measurements have proven effective in characterizing the
internal nanostructure of Nafion thin films on various
substrates.49−53,68 Here we use the GISAXS technique to
show that the internal nanostructure is highly dependent on
film thickness. A typical scattering pattern taken at an incident
angle just above the critical angle (θc ≈ 0.12°) is shown in
Figure 5. At this incident angle, information about the average
structure in the entire thin film is obtained. The scattering peak
between 0.15 and 0.20 Å−1 is due to the correlations (i.e.,
scattering) between the ionic domains and is commonly

referred to as the “ionomer” peak. Comparing the intensity
profiles as a function of the scattering vector, q, for the 200 and
40 nm films at an azimuthal angle, χ, of 30° reveals that at 80%
RH there is a measurable difference in the ionomer peak
position, qmax. The calculated d-spacing from the peak is ∼3.7
nm for the 40 nm film and 3.3 nm for the 200 nm film,
respectively. This indicates that the spacing between the
aggregates is slightly larger in the thinner film. For comparison,
bulk Nafion exhibits Bragg spacing of 3−5 nm, depending on
the sample history and testing conditions.69 Typically, reports
in the literature (which to date have not included film thickness
effects) suggest that the d-spacing of the ionomer peak should
increase with water content. The larger d-spacing for the
thinner films therefore seems to contradict the X-ray
reflectivity, neutron reflectivity, and QCM results that the

Figure 4. (A) Water volume fraction determined from XR for Nafion
films of h = 20 (●), 30 (■), 54 (◆), 95 (+), and 222 nm (∗) as a
function of relative humidity. (B) Normalized swelling ratio as a
function of initial film thickness at various humidity conditions.
Symbols indicate the relative humidity of the environmental chamber:
32% (○), 47% (□), 60% (△), and 75% (◇). The line is presented as
a guide to the eye. Standard error for the swelling ratio and initial film
thickness are within the bounds of the graphical data markers. The
water solubility determined from fitting the X-ray reflectivity data is
comparable to that determined from QCM (⧫) measurements, where
the error bars represent standard error from three measurements.

Figure 5. A representative GISAXS detector image (200 nm film
equilibrated at ca. 80% RH). The graph indicates the scattering
intensity as a function of the scattering vector, q, taken as radial
integrations at azimuthal angles of 30° and 50° for a 40 and 200 nm
film (both equilibrated at 80% RH). Scattering data were taken just
above the critical angle of the film.
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did not probe very thin. The reason for the increase, especially 
at higher humidities, is the decreased phase separation in very 
thin fi lms, which is observed regardless of thermal treatment 
and casting process. In fact, as shown in  Figure    7  , the swelling 
on carbon demonstrates a similar dependence on thickness 
with a decrease for thinner fi lms and then an increase in 
swelling for the thinner samples at around 20 nm when com-
pared with thicker samples at nominally the same humidity. 
These swelling values for fi lms are lower than the swelling of 
bulk membranes, which was reported to be between 0.12 to 
0.14 in the in-plane direction. [ 3,31 ]  The swelling is also higher 
than on gold and silicon for spin-cast fi lms, [ 4,34 ]  but lower than 
that of the bulk membrane [ 29,31 ]  and unannealed self-assem-
bled thin fi lm on silicon. [ 8 ]  The impact of annealing is more 

evident with the samples on carbon substrates with the unan-
nealed fi lms demonstrating a higher water uptake, although the 
uptake curves with humidity are similar with deviations only at 
high humidity for the spin-cast annealed samples as shown in 
Figure S8, Supporting Information.  

 To explore the impacts of annealing in more detail, the dif-
ference between the swelling of annealed and unannealed sam-
ples with the same substrate and casting condition were calcu-
lated and plotted in  Figure    8   as a) function of RH for compa-
rable thickness or b) function of thickness for comparable RH. 
The plots show that annealed fi lms always have lower swelling, 
regardless of the substrate type and casting method, although 
the thinnest fi lms on gold demonstrate no appreciable change 
in swelling with annealing. Moreover, the impact of annealing 
appears to be negligible below 60% RH as was observed in 
Figure  5  for thin fi lms on gold substrates. These trends are 
in agreement with the less well-defi ned ionomer peak for the 
annealed samples compared to the unannealed samples, as 
well as the appearance of crystallite-associated peaks seen in 
GIWAXS ( q  ≈ 12 nm −1 , Figure  4 ) and GISAXS ( q  ≈ 0.6 nm −1 , 
Figure  2 ) of the annealed fi lms. Surprisingly, the decrease in 
swelling with annealing persists on carbon substrates even for 
the thinner samples as shown in Figure  8 b, which approach 
and are below the expected crystallite sizes observed in bulk 
samples. This data for samples on carbon substrates indicates 
that backbone crystallinity and alignment results in a change 
in mechanical properties for Nafi on thin fi lms, thus resulting 
in less swelling. [ 47 ]  These changes increase the physical 
crosslinking of the polymer backbone and change the chem-
ical/mechanical energy balance that controls the water uptake, 
thereby decreasing the water uptake and swelling compared to 
the unannealed samples.  

 However, as shown in Figure  8 b, the trend in swelling for 
thin fi lms on gold appears counter to that on the carbon sub-
strates. In the latter case, especially for the spin-cast fi lms, the 
impact of annealing decreases as the fi lm thickness decreases 

Adv. Funct. Mater. 2014, 24, 4763–4774

 Figure 6.    a) Swelling dimension,  m , from the volume swelling (using 
ellipsometry) that best matches the weight change from QCM assuming 
zero volume of mixing (V 0mix = ). b) Volume of mixing for a saturated fi lm 
calculated from the comparison of weight change (QCM) and thickness 
swelling (Ellipsometry) assuming 1D swelling (i.e.,  m  = 1). Range for 
the volume of mixing for bulk PFSA* are shown from reference  [ 51 ]  (See 
Supporting Information for details. Open and fi lled symbols represent 
unannealed and annealed fi lms, respectively.)

 Figure 7.    Variation of swelling with fi lm thickness for Nafi on fi lms spin-
cast on carbon shown at 95% RH. Bulk membrane values are estimated 
to be 0.12 and 0.18 from water uptake assuming a swelling dimension of 
1 and 1.5, respectively, and measured as 0.14 to 0.21. [ 3,31 ] 

Kusoglu, et al., Adv. Func. Mat., 2014

• Decreasing water uptake for films ≤ 60 nm
• Increasing uptake at very low thickness.
• Increasing stiffness, confinement.
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Kongkanand, J. Phys. Chem. C, 2011

where tRH is the thickness at a given RH and t0 is the thickness at 0%
RH.
Water uptake was measured using a QCM (Maxtek/Inficon, East

Syracuse, NY) and Sauerbrey analysis. The entire QCM holder was
enclosed in a poly(ethyelene) in-house constructed humidity chamber
maintained at ambient temperature. The hydration number, λ (moles
of water per mole of sulfonic acid group), was calculated from the
mass uptake of the samples

λ = −m m
M m

1000
IEC

RH 0

H O 02

where mRH is the sample mass at a given RH, m0 is the mass of the dry
sample, MH2O is the molecular mass of water, and IEC is the ion-
exchange capacity (0.909 mmol/g).
For humidification in both ellipsometry and QCM experiments, air

at the dew point was produced using a sparging system. The
humidified wet air was mixed with a stream of dry air, and the flow
rates of the wet and dry streams were varied using electronic mass-flow
controllers (Omega FMA5512, Omega Engineering, Inc., Stamford,
CT) to achieve a specific relative humidity at ambient pressure. A RH
probe (Omega HX15-W) was connected to the gas outlet from the
ellipsometry or QCM in-house constructed humidity chambers for in-
situ monitoring of the relative humidity of the sample environment.
Grazing-Incidence Small-Angle X-ray Scattering Measure-

ments. GISAXS measurements were performed as described
previously in the literature.33 Thin-film samples were placed into an
in-house built environmental chamber with X-ray transparent Kapton
windows. The sample cell was equilibrated at 100% RH at room
temperature (20 °C) in less than 3 min, and GISAXS patterns were
collected as a function of time for 25 min. All X-ray scattering
experiments were performed in beamline 7.3.3 of the Advanced Light
Source (ALS) at Lawrence Berkeley National Laboratory (LBNL).41

The X-ray energy used was 10 keV, with a monochromator energy
resolution E/dE of 100, and the patterns shown were acquired with a
2D Dectris Pilatus 1 M CCD detector (172 μm × 172 μm pixel size).
All the GISAXS patterns presented here were collected at an incidence
angle of αi = 0.20°, well above the critical angle for Nafion and just
below that of Si in order to probe the entire film structure.
Transmission Electron Microscopy Measurements. Nafion

thin films for investigation by TEM were prepared by either spin-
casting from Nafion-IPA solutions onto silicon with native oxide
substrates and then floating off small sections onto copper mesh grids
(for 20−100 nm films) in water or by casting directly onto holey
silicon nitride grids (for 10 nm films). In this way, stable free-standing
films were obtained. The films were not stained.
The TEM data were recorded using a 200MC Zeiss Libra

microscope operated at 200 kV, at the National Center for Electron
Microscopy, LBNL. In addition to standard bright-field imaging, the
energy filter of the microscope was used for energy-filtered TEM
spectrum imaging (EFTEM SI). An EFTEM SI data set was acquired
by selecting a narrow energy slit (e.g., 5 eV) and collecting a series of
images at sequential electron energy-loss positions over a given
spectral range. Since polymers exhibit a wide-array of valence-electron
configurations, the plasmon peak in the low-electron energy-loss range
(<50 eV) can be used as a fingerprint for different polymer types.
Consequently, we applied the technique of low-loss EFTEM SI,42

using a recently developed advanced acquisition scheme,43 and
processed the data sets by principal component analysis to extract
chemical maps based on subtle spectral differences between the
plasmon peaks of the phase-separated Nafion domains.

■ RESULTS
Conductivity. This study focuses on a series of films with

thicknesses ranging from 4 to 160 nm. Within this film
thickness range, confinement effects are expected to have a
significant impact on the structure and properties of the
ionomer, in particular as the film thickness approaches the size
of the hydrated domains (3−6 nm) and the reported diameter

(3−5 nm) of rodlike structures in solution.14,44−46 Further-
more, the characteristics observed for films of less than 10 nm
are relevant for understanding the transport in catalyst layers
where the ionomer exists as very thin films.7−9 Figure 2

presents the proton conductivity of the ionomer thin films as a
function of film thickness for various RHs (see Supporting
Information for table of values). The obtained results show a
significant decrease in conductivity as film thickness decreases,
in particular for films below 50 nm. Thicker films (160 nm)
present an increase in conductivity of approximately a factor of
2 at high humidity levels (RH of 85%) when compared to films
of 10 nm or lower. A more drastic effect is observed at lower
humidity levels, where the difference in conductivity can reach a
factor of 10−20. Similar effects of conductivity with thickness
have been reported previously, although for thicknesses greater
than the ones reported in this work. The previous results also
showed less drastic effects due to confinement likely due to
sample preparation differences including film deposition
method, solvent, and drying procedures.10 There are virtually
no reports of the conductivity of films below 10 nm, and it is in
this thickness regime where stronger ionic-transport limitations
are observed. It is pertinent to mention that the self-assembled
films with nominal thicknesses of less than 50 nm exhibit
hydrophilic surfaces whereas the thicker films exhibit hydro-
phobic behavior.40 Comparing the surface energies of the top
interface of the thin films suggests that these films have similar
nanostructures but that they differ from those exhibited by the
thicker films as indicated by the abrupt change in surface
energy.

Water Uptake and Swelling. To elucidate the nature of
the ionic-transport suppression of Nafion thin films, the water
uptake was assessed both by measuring the thickness swelling
and the mass uptake at various humidity levels. Figure 3
presents both the changes in thickness and hydration number
(λ) as a function of RH and initial (dry) film thickness. Film
swelling drastically increases as the initial thickness decreases
for films deposited on thermal oxide SiO2 surfaces. This result
is in contrast with previous measurements of drop-cast films on
Au QCM substrates where lower water uptake was observed for
films of decreasing thickness.48 It has been previously reported
that wetting interactions at the film/substrate interface can
affect the ionomer morphology and water uptake, which can
explain the water-sorption discrepancies between films cast on

Figure 2. Conductivity of thin films as a function of hydrated film
thickness and relative humidity (RH) including the value for a bulk
Nafion 117 membrane under water−vapor-equilibrated conditions
(dotted line).47 Thinner films show decreased ionic conductivity, in
particular at low humidity.
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the relative magnitude of the transport resistances represented by
the two mass-transfer coefficients, we must convert them to a
common water concentration. Although the interfacial resistance
causes the membrane water concentration to deviate from its
equilibrium value, as a first-order approximation, we relate the
water concentration in the membrane at the interface, Cm,int, to
the water concentration in vapor,Cv, by theHenry constant,K, as
shown in eq 5a. Because all fluxes across the membrane are equal,
we obtain eq 5b. Equations 5a!5c give eq 5d, whereDBL and LBL
are the diffusion coefficient of water vapor and the thickness of
the gas boundary layer, respectively. In this experiment, a
conservative estimation of kBL

eff using a DBL of 3.7 " 10!5 m2/s46

and LBL of 2.5 mm gives a kBL
eff of 1.3" 10!5 m/s. This implies that,

although themembrane interfacial mass-transfer coefficient, kint,m, is
the primary contributor of the measured kint, contribution of the gas
boundary layer is not negligible and could contribute to as much as
47% in the highest kint condition, that is, desorption at 80 !C and
95% RH. Contributions of the kBL are in the range of 5!30% for
80 !C and less than 10% at lower temperatures. The calculated kint,m

are shown in parentheses in Table 2.

ΔCm;int # KΔCv ð5aÞ

flux ¼ kBLΔCv ¼ kint;mΔCm;int ð5bÞ

kBL ¼ DBL

LBL
ð5cÞ

kint;mΔCm;int #
DBL

LBL

ΔCm;int

K
¼ keffBLΔCm;int ð5dÞ

The measured mechanical relaxation coefficient, β, is compar-
able to those obtained for thickmembranes in water sorption42 as
well as in creep41 experiments. Note that, given the high value of
j, the βmeasured here may not be as accurate as kint. However, it
is interesting that β increases with increasing water activity
during water desorption but decreases during water absorption
(Figure 10). This differencemay be due to different creepmodes,
also seen in thick membranes, where wet membranes crept fast
initially, but more slowly at longer times, whereas drymembranes
crept less initially but continued to creep more at longer times.41

The difference in the kint between the absorption and desorption
processes may have altered the apparent creep mode.
It is noteworthy that ionomer interaction with the Au substrate

may constrain water uptake. However, the 3 μm films that were
studied here gave similar water content as bulk membrane.
Therefore, the surface constraint should have a negligible impact
on the interfacial transport measured here, if indeed the transport
resistance is at the gas/ionomer interface. The surface constraint,
although, may have an impact on the measured β, but it will be
minimal due to the low value of j.
Efforts are underway to simulate the water sorption as well as

steady-state water permeation tests using the parameters ob-
tained in this study in order to enlighten our understanding of
water transport in Nafionmembranes. In addition, another water
sorption experiment on a nonperfluorosulfonic acid ionomer is
ongoing and will be reported separately.
Although this study gives significant insight on interfacial

water transport, it is debatable whether this interfacial phenom-
enon will significantly affect water transport in a fuel cell. It is

Table 2. Kinetic Parameters of the Water Sorption Analysis at 80!Ca

water activity kint (10
!6 m/s)b β (10!7 m/s) j Ea,kint (kJ/mol) Ea,β (kJ/mol)

absorption

0.00 1.3 (1.4) 3.9 0.91 27.8 45.5

0.30 1.4 (1.6) 3.6 0.95 28.4 40.7

0.50 1.7 (1.9) 2.8 0.92 28.8 44.0

0.75 1.8 (2.1) 2.5 0.84 27.6 41.1

0.90 2.0 (2.3) 2.3 0.74 27.8 40.7

desorption

0.30 2.5 (3.2) 0.94 0.77 29.3 22.6

0.50 3.4 (4.6) 1.3 0.79 29.4 22.9

0.75 4.5 (6.9) 1.7 0.81 31.0 20.6

0.90 5.0 (8.4) 1.9 0.88 29.4 22.8

0.95 5.9 (11.1) 2.1 0.91 29.6 22.9
a See the Supporting Information for detailed analyses at different temperatures and their confidence intervals. b In parentheses is shown the calculated
kint,m by removing the estimated value of kBL, as described in text.

Figure 10. Mass-transfer (kint) and mechanical relaxation (β) coeffi-
cients for the absorption and desorption of water as a function of water
content in the ionomer at 80 !C. Solid lines are kint calculated using
eqs 4a and 4b.
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the relative magnitude of the transport resistances represented by
the two mass-transfer coefficients, we must convert them to a
common water concentration. Although the interfacial resistance
causes the membrane water concentration to deviate from its
equilibrium value, as a first-order approximation, we relate the
water concentration in the membrane at the interface, Cm,int, to
the water concentration in vapor,Cv, by theHenry constant,K, as
shown in eq 5a. Because all fluxes across the membrane are equal,
we obtain eq 5b. Equations 5a!5c give eq 5d, whereDBL and LBL
are the diffusion coefficient of water vapor and the thickness of
the gas boundary layer, respectively. In this experiment, a
conservative estimation of kBL

eff using a DBL of 3.7 " 10!5 m2/s46

and LBL of 2.5 mm gives a kBL
eff of 1.3" 10!5 m/s. This implies that,

although themembrane interfacial mass-transfer coefficient, kint,m, is
the primary contributor of the measured kint, contribution of the gas
boundary layer is not negligible and could contribute to as much as
47% in the highest kint condition, that is, desorption at 80 !C and
95% RH. Contributions of the kBL are in the range of 5!30% for
80 !C and less than 10% at lower temperatures. The calculated kint,m

are shown in parentheses in Table 2.

ΔCm;int # KΔCv ð5aÞ

flux ¼ kBLΔCv ¼ kint;mΔCm;int ð5bÞ

kBL ¼ DBL

LBL
ð5cÞ

kint;mΔCm;int #
DBL

LBL

ΔCm;int

K
¼ keffBLΔCm;int ð5dÞ

The measured mechanical relaxation coefficient, β, is compar-
able to those obtained for thickmembranes in water sorption42 as
well as in creep41 experiments. Note that, given the high value of
j, the βmeasured here may not be as accurate as kint. However, it
is interesting that β increases with increasing water activity
during water desorption but decreases during water absorption
(Figure 10). This differencemay be due to different creepmodes,
also seen in thick membranes, where wet membranes crept fast
initially, but more slowly at longer times, whereas drymembranes
crept less initially but continued to creep more at longer times.41

The difference in the kint between the absorption and desorption
processes may have altered the apparent creep mode.
It is noteworthy that ionomer interaction with the Au substrate

may constrain water uptake. However, the 3 μm films that were
studied here gave similar water content as bulk membrane.
Therefore, the surface constraint should have a negligible impact
on the interfacial transport measured here, if indeed the transport
resistance is at the gas/ionomer interface. The surface constraint,
although, may have an impact on the measured β, but it will be
minimal due to the low value of j.
Efforts are underway to simulate the water sorption as well as

steady-state water permeation tests using the parameters ob-
tained in this study in order to enlighten our understanding of
water transport in Nafionmembranes. In addition, another water
sorption experiment on a nonperfluorosulfonic acid ionomer is
ongoing and will be reported separately.
Although this study gives significant insight on interfacial

water transport, it is debatable whether this interfacial phenom-
enon will significantly affect water transport in a fuel cell. It is

Table 2. Kinetic Parameters of the Water Sorption Analysis at 80!Ca

water activity kint (10
!6 m/s)b β (10!7 m/s) j Ea,kint (kJ/mol) Ea,β (kJ/mol)

absorption

0.00 1.3 (1.4) 3.9 0.91 27.8 45.5

0.30 1.4 (1.6) 3.6 0.95 28.4 40.7

0.50 1.7 (1.9) 2.8 0.92 28.8 44.0

0.75 1.8 (2.1) 2.5 0.84 27.6 41.1

0.90 2.0 (2.3) 2.3 0.74 27.8 40.7

desorption

0.30 2.5 (3.2) 0.94 0.77 29.3 22.6

0.50 3.4 (4.6) 1.3 0.79 29.4 22.9

0.75 4.5 (6.9) 1.7 0.81 31.0 20.6

0.90 5.0 (8.4) 1.9 0.88 29.4 22.8

0.95 5.9 (11.1) 2.1 0.91 29.6 22.9
a See the Supporting Information for detailed analyses at different temperatures and their confidence intervals. b In parentheses is shown the calculated
kint,m by removing the estimated value of kBL, as described in text.

Figure 10. Mass-transfer (kint) and mechanical relaxation (β) coeffi-
cients for the absorption and desorption of water as a function of water
content in the ionomer at 80 !C. Solid lines are kint calculated using
eqs 4a and 4b.
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Table I. Summarized equivalent circuit fitting parameters with three equivalent circuit considerations.

Equivalent circuit (EC) EC-1 (only CPEcell) EC-2 (only CPEf) EC-3 (both CPEf and CPEcell)

Rs 57.76 ! 57.10 ! 60.17 !
Rf 1500 ! 1410 ! 1411 !

CPE-Tdl ≈ Cdl 2.58 × 10−07 F 2.60 × 10−07 F 2.54 × 10−07 F
CPE-Pdl ≈ ndl 0.87 0.87 0.87
CPE-Tf ≈ Cf – 2.65 × 10−09 F 2.78 × 10−09 F
CPE-Pf ≈ nf – 0.97 0.97

CPE-Tcell ≈ Ccell 2.43 × 10−09 F – 6.3 × 10−19 F
CPE-Pcell ≈ ncell 0.98 – 2.33

EC-3, it was found that the CPEcell was negligibly small whereas the
CEPcell and Rf are comparable to that of the EC-2. This would indicate
that the simplified equivalent circuit EC-2 may better represent to
the real system. However, more investigation is needed to claim the
capacitance solely as the film capacitance. It is noted that regardless
of ECs discussed above, the fitting parameters are comparable.

Model fitting results provide an insight into the contribution of each
element of the equivalent circuit to the impedance response. How-
ever, it should be validated based on experimental evidence. In the
high-frequency region, the positive values of imaginary impedance,
attributed to the inductance of the setup, can be noted. The x-intercept
is due to the contact/series resistance Rs. The inductance and Rs contri-
butions were confirmed by the impedance measurement of the shorted
cell and the inductive and resistive responses were found to the same
as that obtained from the impedance from the cell with Nafion thin
film. The diameter of high-frequency arc represents the film resis-
tance, which has been confirmed by the change of arc diameter with
changes with three parameters - RH, temperature and thickness of
the films (see Figure S3 to S5 in SI). It is noted that the resistance
associated in the ionomer is dependent on RH, temperature and thick-
ness. However, electrode reactions are expected to occur during ac
impedance measurements since proton conduction in the film must be
accompanied with the measured external electronic current. The key
question is whether the high-frequency response contains any signif-
icant contribution from the interfacial or charge-transfer reaction, for
example, those arising from oxygen reduction reaction due to expo-
sure of the electrode to air. Impedance measurements in the absence
of oxygen were carried out to investigate if electrode reactions con-
tributed significantly to the high-frequency semi-circle response. It
was found that oxygen-free atmosphere produced similar impedance
response, which indicates that no significant contribution from the
expected oxygen-related charge-transfer reaction exists (the measure-
ment protocol and responses have been included in SI, Figure S6).
The associated capacitance has been considered as the film capaci-
tance; this is discussed further in the following. The low-frequency
response is capacitive and attributed to the double layer capacitance.
The appearance of the double layer capacitance in the low-frequency
region of the impedance response has been discussed by others.10–13,39

Proton conductivity of the Nafion nanothin films.— The film con-
ductivity (kf) was calculated from the resistance (Rf) using equation 2,
where, d is the spacing between the IDA electrode teeth (100 µm), t is
the thickness of the ionomer film, l is the length of the teeth (0.8 cm)
and N is the number of electrodes (110). Measurements with different
IDA electrode spacings of 30 µm and 500 µm were also carried out
and it was found that the proton conductivity calculated from different
electrode spacing remained within error (10%) of sample-to-sample
measurement (see Figure S11 in SI).

k f = 1
R f

.
d

l(N − 1)t
[2]

The proton conductivity of the thin films was measured as a function
of two variables, film thickness and relative humidity, at two differ-
ent temperatures. A comparison of the proton conductivities under
two different film treatment protocols is made to investigate whether

the treatment protocol becomes a determining factor for the resulted
proton conductivity of Nafion thin films.
Proton conductivity at room temperature (25◦C).—Proton conductiv-
ities of the Nafion thin films with thickness ranging from 4 nm to 300
nm have been presented as a function of relative humidity at 25◦C in
the Figure 3. The proton conductivity of Nafion 11712 at 100% RH
has also been plotted in the Figure 3 for the comparison between the
thin film and the membrane conductivities. As expected, proton con-
ductivity of the thin films increased with increasing relative humidity.
Regardless of the thickness, the logarithm of the thin film proton con-
ductivity appears to be a linear function of the relative humidity over
two different ranges of humidity. The slope in the 20–40% RH range
was higher than that in the 40–95% RH range. The proton conductivity
increased rapidly from dry condition to 40% RH but at a much slower
rate at a higher RH. Similar behavior of proton conduction with RH
has also been observed for the Nafion membrane.27,43

It is interesting to note that the proton conductivities of ultra-thin
films (4 to 55 nm films) are very comparable to each other. In contrast,
the conductivity of thicker films (160 nm and 300 nm films) varies
with thickness such that the 300 nm film had conductivity closer to
that of Nafion membrane.10–13 Therefore, the proton conductivity of
the ultrathin films is significantly lower than that of the thicker films
as well as that of the Nafion membrane. The differences in proton
conductivity are more significant at lower RH. At low RH, there was
a non-significant dependency of the proton conductivity on thickness
up to 55 nm whereas it was about two orders of magnitude higher
in thicker films. At high RH, similar lack of dependence of pro-
ton conductivity on thickness for films up to 55 nm was observed.
However, the difference in the proton conductivity of the ultrathin
films (<55 nm) and the thicker films at high RH is 2.5 times com-
pared to a difference of nearly 2 orders of magnitude at low RH.

Figure 3. Proton conductivity of the Nafion nanothin films, of various thick-
ness ranging 4 nm to 300 nm, at 25◦C as a function of RH; proton conductivity
of bulk Nafion 117 membrane12 (dotted line) at 25◦C and 100% RH.

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 138.67.129.111Downloaded on 2018-08-01 to IP 

Journal of The Electrochemical Society, 161 (14) F1395-F1402 (2014) F1399

Figure 4. Proton conductivity of the Nafion thin films as a function of film thickness at various relative humidity ranging from 20 to 96% RH at 60◦C.

Previously, two distinct behaviors for the thin film surface wettability
were reported wherein the surface of the sub-55 nm films were found
to be hydrophilic whereas films with thickness above 55 nm were
hydrophobic.35 Interestingly, the bulk conduction property of the film
directly correlates with the surface properties. It indicates that free
surface of the sub-55 nm films, at least in the unannealed (without any
heat-treatment) state, have similar nano-orientation and likely similar
intrinsic bulk transport property.
Proton conductivity at higher temperature.—Proton conductivities of
the Nafion thin films at different relative humidity and 30–60◦C have
been presented as a function of thickness in the Figure 4. The equi-
libration of film at 60◦C was ensured according the pre-treatment
Protocol-2. First, the measurements were carried out at 60◦C, then at
lower temperatures in the sequence of 50, 40 and 30◦C. It was found
that proton conductivity of even the sub-55 nm thin films are thickness-
dependent which is contrary to the room temperature measurement.
As expected, the proton conductivity decreased with decreasing tem-
perature (Figure 4). Similar thickness-dependency in Nafion thin film
proton conductivity was reported by Siroma et al.21

At low RH, a clear dependency of proton conductivity on thick-
ness was observed with increase in conductivity noted for increasing
thickness. In particular, the conductivity difference between the lowest
(4 nm) and the highest (300 nm) thickness films is a factor of two at
60◦C as opposed to two orders of magnitude for that at 25◦C. On
the other hand, at 95% RH, the proton conductivity for the 300 nm
film is ∼100 mS/cm which is almost double that of the 4 nm film
(∼55 mS/cm). It is noted that the thin films have lower proton con-
ductivity compare to its Nafion 117 membrane that was measured as
135 mS/cm41 at 50◦C and 140 mS/cm42 at 65◦C and both at 100%
RH. However, unlike room temperature measurements, the proton
conductivity variation between ultra-thin and thicker films at higher

temperature is not significant at high RH. Therefore, it is evident that
thermal treatment has a significant influence on the observed proton
conductivity that might be attributed to two possible reasons – (i)
film/substrate interfacial or un-equilibrated excess water (ii) internal
structure changes upon heating to 60◦C. A further insight may be
gained by investigating the film conductivity at 25◦C without and
with (before and after) 60◦C temperature treatment.
Effect of heat-treatment on proton conductivity.—Films for which the
conductivity was measured at room temperature (25◦C) without any
prior high-temperature treatment has been termed as un-treated film.
On the other hand, films for which conductivity was measured af-
ter 60◦C treatment (after equilibration and impedance measurement
at 60◦C) has been termed as treated film. The proton conductivity
at 25◦C of both treated and un-treated films has been compared in
the Figure 5. To deal with both interfacial/excess water and struc-
tural change issues, a prior understanding of water behavior in thin
film is required. In practice, the excess water may exist as free wa-
ter but confined to the film/substrate interfacial region or be tightly
bound to substrate. This trapped or tightly bound water in the film
may take a long time to equilibrate with the external environment
especially at low RH and low temperature. The difference in water
content before and after heat-treatment is being referred to as interfa-
cial or non-equilibrated excess water. It is assumed that the interfacial
water or non-equilibrated excess water in the film might contribute
to the significant enhancement of the proton conductivity in the low
RH measurement. At high RH, the change might be insignificant as
the film reaches the highest saturation point. In contrast, structural
rearrangement might have an impact on the overall change in proton
conductivity regardless relative humidity. For the 10 nm film, it was
observed that the proton conductivity of the treated film had an overall
5% reduction than that of the un-treated film. It indicates that structural
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Neutron Reflectometry (NR)
• Specular NR measures Reflected Intensity vs.  

grazing angle q or Qz

• Oscillations with period 2π / layer thickness

•NR Provides Depth Profile of the SLD 

•SLD related to Composition by volume fractions Vj

SLD(z) = SjSLDj Vj

air
Fitting

3
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Multi-Lamellar Structures at 
Nafion-support Interfaces

Dura, et al., Macromolecules, 2009
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Lamellar phase segregation at 
Nafion-support Interfaces

Observed phase segregation of Nafion constituents
(sulfonic acid side chains and fluorocarbon backbones)
at hydrophillic interface.

Consistent with:
- Global stoichiometry of Nafion 1100
- Nafion molecule length scales
- Known Nafion/water chemical interactions

Roughly consistent with NR data.

DeCaluwe, et al., Soft Matter, 2014 5
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Thickness Effects on Nation Interface 
Structure and Water Uptake

• 10 films, tNaf = 5 nm—154 nm

• Samples named according to
equivalent Nafion thickness:
tXX = tNaf = XX nm

• NR measured at
RH = 92% RH
T = 29.6 C

tNaf = t jVNaf, j
j
∑

6DeCaluwe, et al., Nano Energy, 2018
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Increasing Water Uptake With 
Increasing Film Thickness

7

DeCaluwe, et al., Nano Energy, 2018
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Non-monotonic Water Uptake Trends

8



Colorado School of Mines

“Moving Average” Water Uptake
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Toward Structure-property relations: 
Ionic Conductivity Predictions

• Compare predictions to exp data (Paul, et al., J. Electrochem. Soc., 2014). 
• Adopting standard sio – l relationships significantly over-predicts sio .
• Best model incorporates lamellar structure, linear gradient in ion mobility
• Mobility is lower, closer to the substrate.

9

Scaling Factors:
At SiO2: 0.22
At outer layer: 0.51
Outer Layer: 0.67
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• Nafion structure at Pt/Carbon interface 
significantly impacts catalyst layer 
degradation:

-Nafion acidity varies
-Delamination
-Pt dissolution, C corrosion 

• Affect transport to/from the Pt 
-To/from the bulk membrane.
-To/from gas phase.

NR structure 
measured

Implications for Operating PEMFCsDeCaluwe                                                                 CAREER: Polymer-based Electrode Design for 
High-Performance Electrochemical Energy Devices 

Education activities will use the PI’s unique perspective as a former elementary school 
teacher to extend program benefits to an array of participants, including students at the Colorado 
School of Mines (CSM) and at middle schools in Denver, CO and beyond.  At CSM, the project 
will benefit the PI’s graduate electrochemistry course and enable valuable research experiences 
for undergraduates (REU) and graduate research assistants (GRAs).  We will also develop 
education modules based on the research, to be delivered by the GRA in local middle schools 
with populations underrepresented in STEM.  Modules will be delivered in-person and online for 
teachers nationwide.  Lastly, GRAs will gain research experience at NIST as part of this project.   

Specific education objectives include: 

1. Train undergraduate and graduate students to conduct and present high-quality 
research to diverse audiences, including at national laboratories. 

2. Teach graduate students about the iterative relationship between experiment and 
simulation in materials design and electrochemistry. 

3. Inspire and educate local middle school students underrepresented in STEM careers 
on topics such as scientific inquiry, energy storage and use, and STEM career options. 

4. Provide resources for middle school teachers to teach advanced scientific concepts 
surrounding energy technology. 

Project Overview 

As illustrated in Figure 1, functional polymers play key roles in PEMFCs and Li-O2 batteries.  
Polymers bind particles together and ensure adhesion to current collectors.  In the PEMFC, this 
same polymer (Nafion) conducts ions between the electrolyte and catalyst, enhancing the active 
surface area.  Recent work demonstrates that high transport resistance in the CL Nafon is a 

Figure 1. Possible roles of functional polymers in PEM fuel cells (left) and Li-O2 batteries (right).  
Functional polymers can increase active surface area, but rely on stable interfaces and facile species 
transport to and from surfaces.  This study proposes improved understanding of stability and transport in 
functional polymers to enable improved electrode designs for efficient clean energy devices. 
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Possible real structure
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Implications for Operating PEMFCs
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Toward Process-Structure-Property: 
PEMFC Catalyst Layer Model

Flooded agglomerate model used, simply as
a convenient framework to explore property
covariation and trends.

CANTERA used for all thermo-kinetic
calculations.

Assumptions:
1. Effective conductivities sparallel and snormal

used as limiting cases.

2. Diffusion coefficients DO2, DH2 scale
linearly with Vwater.

3. Agglomerates fully saturated by H2O

4. No gas transport limitations.

5. No membrane effects.
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Agglomerate Models – Case 1
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tNaf
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Fixed Porosity (fg = 0.10)

• mPt decreases significantly with increasing tNaf.

Thickness 
[nm]

snormal
[S/m]

sparallel
[S/m] 

Vwater
(relative to bulk)

5.9 1.21 4.12 0.83
8.9 2.85 5.54 0.92
51.1 4.53 5.01 0.70
162.0 6.92 8.04 1.01

Proton conductivity below ~2 S/m
impacts catalyst utilization.

Limiting for large agglomerates (O2
diffusion into agglomerate is difficult).

à Complex interrelationship between
properties and micro/nano-structure.

15

200 nm Agglomerates

500 nm Agglomerates
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Agglomerate Models – Case 2
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Varying “coating” thickness

mPt = 0.4 mg/cm2 200 nm Agglomerates

500 nm Agglomerates
Thickness 
[nm]

snormal
[S/m]

sparallel
[S/m] 

Vwater
(relative to bulk)

5.9 1.21 4.12 0.83
8.9 2.85 5.54 0.92
51.1 4.53 5.01 0.70
162.0 6.92 8.04 1.01

Thick coatings impede intra-
agglomerate O2 diffusion (duh).

For large agglomerates, micro/nano-
structure (volume fraction, tortuosity)
impedes intra-agglomerate O2 diffusion.

For thin coatings, proton conductivity
becomes limiting in large agglomerates.

17
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Next Steps:
Depth profiling Improvements
• Realistic Materials

• Realistic Microstructures

• Non-equilibrated structures

Correlating multiple measurements

Multi-scale simulation Improvements 17
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Next Steps:
Depth profiling Improvements
• Realistic Materials

• Realistic Microstructures

• Non-equilibrated structures

Correlating multiple measurements

Multi-scale simulation Improvements 17
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Nafion on Pt
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Nafion on Carbon
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Next Steps:
Depth profiling Improvements
• Realistic Materials

• “Realistic” Microstructures

• Non-equilibrated structures

Correlating multiple measurements

Multi-scale simulation Improvements 17
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Off-specular NR on Patterned Pt
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Next Steps:
Depth profiling Improvements
• Realistic Materials

• “Realistic” Microstructures

• Non-equilibrated structures

Correlating multiple measurements

Multi-scale simulation Improvements 17
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“Flow-Through NR”
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Chemical Environment 1 

Chemical Environment 2 
(flow is optional) 

Approximate Neutron Path 

Chamber Wall 

Porous Support  
   + Sample 

Gasket 

Thick Si Wafer 

Clamp 

Non-equilibrated samples with 
trans-membrane fluxes. 

Species gradients
Interfacial layers and structures
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Next Steps:
Depth profiling Improvements
• Realistic Materials

• “Realistic” Microstructures

• Non-equilibrated structures

Correlating multiple measurements

Multi-scale simulation Improvements 17
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Rocky Mountain 
Environmental XPS

17

• Range of systems 
(model ßà actual)

• Pressures up to 50 mbar
• Electric biasing (non-equilibrium)
• Temperature control
• ARPES – moderate depth profiling
• Lab-based system: suitable for 

examining polymer interfaces.

Operating as a user 
facility (soon)

See Steven DeCaluwe or 
Svitlana Pylypenko
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332 S. Kamarajugadda, S. Mazumder / Journal of Power Sources 208 (2012) 328–339

i = 104 A m−2, r1 = 500 nm, and ! = 10 S m−1 (for Nafion), we get
"# = 0.05 mV. This is the maximum possible potential drop in the
ionic phase potential under any condition. For electron transport
the potential drop is one order of magnitude lower. Since 0.05 mV
is negligible (4 orders of magnitude lower) compared to the cell
voltage of ∼1 V, it can be safely neglected.

2.1.2. Numerical solution of agglomerate model equation
In order to solve Eq. (2) for an agglomerate of arbitrary shape,

the finite-volume method is employed. In this method, the entire
agglomerate is first discretized into small control-volumes. In this
work, an unstructured mesh is used to allow flexibility of modeling
any arbitrary agglomerate shape. The unstructured mesh is gen-
erated using the commercial mesh generation code CFD-GEOMTM.
In the finite-volume method, the governing equation [Eq. (2)] is
first integrated over a representative control volume, O. This step
is followed by application of the Gauss-divergence theorem, which,
following procedures outlined elsewhere [39,40], yields a set of
discrete algebraic equations of the following form

∑

f

[
Deff

O2,N,f

(
cN,f − cO

ϑf

)
Af −

JT,f Af

ϑf

]

= −%
Avicat

s (1 − εagg)
nF

VO = SOVO (6)

where the summation is over all faces of the control volume, O. VO
is the volume of the control volume in question, and Af is the sur-
face area of each face of the control volume. Deff

O2,N,f is the diffusion
coefficient of oxygen at the face, and is obtained from cell-center
diffusion coefficients using distance-weighted interpolation. cN,f is
the concentration at the cell center on the other side of face f, i.e.,
the neighboring cell N, cO is the concentration at cell O, and ϑf is
the distance between the cell centers of the two cells straddling
face f in the direction of the surface normal. JT,f represents the flux
tangential on the face f, and the procedure to express it in terms of
the cell-center concentrations may be found elsewhere [39,40].

Eq. (6) represents a set of coupled linear algebraic equations
whose solution yields the cell-center concentrations at all cells
within the entire agglomerate. This system of coupled algebraic
equations was solved using the Generalized Minimum Residual
Solver (GMRES) [41] with incomplete LU (ILU) pre-conditioning.
Typically, 20 Krylov sub-spaces were used, and the residual
was reduced by six orders of magnitude. Example of a sample
unstructured mesh and the computed solution (dissolved oxygen
concentration) is depicted in Fig. 4. This particular calculation was
performed for an agglomerate of a pair of intersecting spheres with
r1 = 1000 nm, r2 = 600 nm, an overlap parameter of ' = 0, and with
a coating of thickness ı = 60 nm. It is clear from the figure that the
mesh resolution used for such computations is quite high so as
to accurately capture the oxygen concentration distribution, espe-
cially in the region where the spheres intersect. Grid independence
studies revealed that any mesh with less than 500,000 cells is inad-
equate for such computations. In terms of computational effort, the
mesh generation process was the primary consumer of CPU time.
The mesh generation for each mesh required about 45 minutes of
CPU time on a 3.2 GHz Intel Pentium4 processor, while the actual
solution of the governing equation required less than 10 minutes
in most cases.

2.1.3. Computation of volume-average quantities
Once the solution to the agglomerate-scale governing equation

[Eq. (6)] has been obtained, it can be post-processed to extract
quantities that appear as inputs to the device-scale CFD model, to
be described in the next section.

Fig. 4. Results from a demonstration case of the numerical solution of the gen-
eralized flooded agglomerate model equation: (a) a typical unstructured mesh
comprised of 784,029 cells and (b) contours of O2 concentration distribution (in
kmol m−3).

In order to compute the effective properties for transport in the
cathode catalyst layer, the volume fractions of the carbon–platinum
solid clusters (εS), the proton-conducting polymer (εN), and the
pores (εcat), need to be calculated. Also, the total catalyst surface
area per unit volume of cathode catalyst layer available for the
oxygen reduction reaction (ORR), Av, needs to be computed. These
quantities are computed using the relationships presented in ear-
lier publications [18,19,35], and are omitted here for the sake of
brevity. Under the assumption that the agglomerate nucleus is
made up of only the solid component and the polymer, the num-
ber of agglomerates per unit volume required to produce the solid
component volume fraction, εS, is given by:

(n = εS

Vnuc(1 − εagg)
(7)

where Vnuc is the volume of the agglomerate nucleus, and is com-
puted directly by the agglomerate equation solver by summing up
the volumes of all the control volumes that constitute the nucleus.
Further, assuming that the entire polymer electrolyte (Nafion) in
the cathode catalyst layer is only present either in the agglomer-
ate nucleus or in the polymer coating around the agglomerate, the

Multi-scale modeling

F1038 Journal of The Electrochemical Society, 164 (9) F1037-F1049 (2017)

Figure 1. Hierarchical morphology PGM-free electrode model. The macropores and large dense agglomerates are imaged with LFOV scan, while HRES imaging
resolves the internal morphology of denser porous solid domains. The morphology and transport properties extracted from both the scans are implemented into an
agglomerate model used for representative elementary volume modeling.

increased mass transport loss. The sensitivity of the ionomer loading
on transport properties in the cathode was also characterized using
pore-scale and particle-scale transport simulation. That morphologi-
cal analysis and transport property is used herein to inform the model
parameters.

The progress in macro-homogeneous continuum scale models for
PEFCs has improved significantly in the past two decades.19 Com-
putational models have been an invaluable tool in the critical under-
standing of the phenomena that occurs inside the fuel cell that cannot
be easily understood or resolved through experiments. The catalyst
layer (CL) is typically the most complex component to model because
of the coupling between mass and charge transport and the ORR.19–22

Hence, CL requires a highly detailed physical model to capture the
phenomena occurring in it accurately. CL is commonly modeled as
an interface23 or discrete volume model24 or an agglomerate model.25

As an example, Sun et al.25 refined the PEFC agglomerate model, an
analytical solution to the coupled diffusion and reaction in an ideal
spherical agglomerate, to include transport through external ionomer
films. The prior agglomerate-type models generally use a single aver-
age representative diameter,25 or has been implemented with a spatial
gradient of diameter26 and different sub-layers with each sub-layer
represented by a single diameter.27 Epting et al.28 showed that there is
a broad distribution of agglomerate diameters that contribute varying
amounts of current on a volumetric basis. Depending on the Thiele
modulus (ratio of reaction rate to diffusion rate), assuming a sin-
gle diameter can incur significant, potential dependent error. At high
overpotentials (higher current), the contribution from smaller agglom-
erates is greater because of the shorter diffusion length-scales, while
at low overpotential agglomerates of all diameters contribute simi-
larly as the reaction is activation limited. In the prior catalyst layer
modeling work, very few models exist for thick electrodes and PGM-
free electrodes, with notable exception being macrohomogeneous CL
modeling by Leonard et al.29 That work reported important insights
into the impact of through-plane transport on PGM-free cathodes,
but did not directly relate that to actual electrode architectures beyond
pore size distributions or account for local oxygen transport resistance
within the cathode microstructure.

In this work, we focus on the effects of the hierarhial cathode mi-
crostructure as directly extracted for 3D nano-CT imaging of the pore,
solid, and ionomer phases. Figure 1 shows the implementation of the
hierarchical morphology of the PGM-free cathode in this model. The
large dense catalyst aggregates imaged from LFOV is used to de-
fine the agglomerate and the macropore structure as shown in Figure
1. The HRES imaging of the dense aggregates is used to define the
internal morphology of the agglomerates. The transport through the
PGM-free electrode was modeled as parallel transport via micropore
and macropore domains. We model the spatially distributed reaction
in the dense aggregates using the agglomerate model with a distribu-
tion of the agglomerates diameter extracted from our prior nano-CT
imaging.18 Effective diffusivities in the micropores was obtained from
our prior pore-scale simulation on the internal pore morphology from
the HRES nano-CT. The proton conductivity, volume fraction and the
tortuosity of the Nafion binder are obtained from the prior particle
scale simulation on the Nafion domain.

In the present analysis, we use two-dimensional computational
model of the channel cross-section to understand the relationships be-
tween the cathode morphology and the electrochemical performance
of the PGM-free cathode with varying Nafion loadings examined in
experiments. We go on to validate the model with those same ex-
periments. Following validation, we present a sensitivity analysis of
the cathode performance to morphological and operating condition
parameters. The model is then used to evaluate synthesis targets for
PGM-free catalyst active site TOF and site density for power density
requirements. Finally, we investigate the with impact of cathode mor-
phology for hypothetical catalysts with higher activity or active site
density.

Models Description

This section describes the governing equations and the frame-
work of our model. The model is two-dimensional land-channel cross-
section and resolves multi-phase water transport. Figure 2 shows the
geometry of different domains and the parameters being modeled.
The model domains include land, channel, gas diffusion layer (GDL),
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