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ABSTRACT: Perfluorinated sulfonic acid ionomers are well
known for their unique water uptake properties and chemical/
mechanical stability. Understanding their performance−stability
trade-offs is key to realizing membranes with optimal properties.
Terahertz time-domain spectroscopy has been demonstrated to
resolve water states inside industrially relevant membranes,
producing qualitatively agreeable results to conventional gravi-
metric analysis and prior demonstrations. Using the proposed
humidity-controlled terahertz time-domain spectroscopy, here we
quantify this detailed water information inside commercially
available Nafion membranes at various humidities for direct
comparison against literature values from dynamic vapor sorption,
differential scanning calorimetry, and Fourier transform infrared
spectroscopy on selected samples. Using this technique therefore opens up opportunities for rapid future parameter space
investigation for membrane optimization.
KEYWORDS: proton-exchange membranes, membrane hydration, terahertz spectroscopy, water states

1. INTRODUCTION
Perfluorinated sulfonic acid (PFSA) ionomers are a common
class of materials well known for their unique ionic
conductivity and chemical−mechanical stability, thus widely
used as membranes inside electrochemical devices1−3 or as
sensors and actuators.4 These synthetic polymers consist of a
semicrystalline, chemically inert, and hydrophobic polytetra-
fluoroethylene backbone with side groups terminated with
hydrophilic sulfonate groups.5 The ionic conductivity of these
membranes depends highly on the level of hydration since
hydrophilic domains can combine to form interconnected ion
conducting channels,5−9 underpinning transport mechanisms
such as Grötthuss hopping, electro-osmosis, and back
diffusion.5,10−12 The unique morphology of PFSA also gives
rise to a variety of environments where water can exist, thus
resulting in multiple different water states (Figure 1a)
governed by a combination of geometric factors and
intermolecular interactions. In particular, water within these
hydrophilic domains can exist in 3 states: bound water
(strongly hydrogen bonded and predominantly bound to the
hydrophilic sulfonate groups),10,13 bulk water (weakly hydro-
gen bonded, exhibiting co-operative reorganization of hydro-
gen bonds),13,14 and free water (not hydrogen bonded). Due
to the importance of hydration in terms of the performance of
PFSAs, prevailing methods have been used for characterizing
hydration such as small-angle X-ray scattering spectrosco-

py,15−17 neutron scattering and imaging,18−22 nuclear magnetic
resonance,23−26 microwave dielectric relaxation spectrosco-
py,10,27 Fourier transform infrared (FTIR) spectroscopy,28−32

dynamic vapor sorption (DVS),33,34 differential scanning
calorimetry (DSC),35−42 and Raman spectroscopy.43−46

These techniques have been used to study different aspects
of membrane hydration such as structure,15−17,22,30,47−50

d iffus ion , 2 3 , 2 4 , 3 3 , 3 4 , 4 3 , 4 9 , 5 0 and pro ton conduc -
tion.15,25,27−29,36−38 Terahertz time-domain spectroscopy
(THz-TDS) is a rapid, noninvasive, and contactless technique,
which has previously shown sensitivity to water51−53 and in
particular water uptake (WU) and water states in PFSAs.14,54

The terahertz frequency region is of interest as it contains
information on the reorientation dynamics of water, with
contributions from bulk water relaxation at ∼18 GHz10,13 and
free water relaxation.13,14,54 As terahertz radiation is highly
sensitive to these relaxations, efforts have been made to
quantify these water states in ambient environments.14,54

Given that these membranes will inevitably operate under
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varying humidities, in this work, we explore the possibility of
extracting detailed information on WU and water states within
commercially available Nafion membranes under controlled
environments.

2. MATERIALS AND METHODS
2.1. Samples. Membranes used include different grades of

commercial Nafion (117, 211 and XL) (Fuel Cell Store, TX, USA)
at nominal thicknesses of 183, 25, and 27 μm, respectively.
Membranes were cut into 3 cm × 3 cm samples and pretreated by
boiling in 3% H2O2, submersion in boiling deionized (DI) water, then
boiling in 0.5 M H2SO4, and finally submersion in DI water at
ambient conditions (1 h for each step). Three repeats for each type of
membrane were prepared for each experiment.

Discrete levels of Nafion 117 WU were achieved by placing the
pretreated membranes in sealed containers containing saturated salt
solutions for 24 h to reach equilibrium. This is to control the relative
humidities (RHs) of air surrounding the membrane for controlled
hydration.10 The solutions used and RHs measured using a TP50
hygrometer (ThermoPro, USA) are listed in Table 1.

2.2. Humidity Chamber. A bespoke humidity chamber was
designed and realized to retrofit to the sample portion of the terahertz
beam path in the THz-TDS setup. This step was necessary to
minimize moisture exposure to the terahertz optics and devices to
avoid material degradation.52 In particular, the humidity chamber was
positioned within the focused region of the terahertz beam path as
shown in Figure 1 and has welded pipes for inlet and outlet airflow, as
well as two z-cut quartz windows for terahertz beam propagation.56 In
principle, other highly terahertz transparent window materials could
also be used such as high-density polyethylene and high-resistance
silicon.57 The length of the chamber was designed with the windows
being 28.5 mm from the sample to avoid etalon reflections within the
100 ps terahertz measurement window. This can be confirmed in
Figure S1, which shows that the presence of the chamber has a
negligible effect on the measurement. Humidified air was supplied to
the chamber via the gas inlet and was prepared externally where dry
compressed air was mixed with saturated air, which had been passed
through a homemade bubble humidifier. The level of humidification

was controlled by changing the flow rates of dry and hydrated air,
which were controlled using mass flow controllers (Alicat, USA)
connected to a PC via a breakout box for flow control networking.
The total gas flow rate was set to 1 standard liter per minute, and the
ratio of dry/wet gas was controlled using a PID controller within
LabVIEW. Figure S2 shows the overall system setup. Humidity was
measured inside the chamber as shown in Figure 1 using a T9602
polymer capacitance humidity sensor (Amphenol, USA) with a
specified accuracy of ±2% at 20−80% RH and up to ±3.5% at 0−20%
and 80−100% RH. As the chamber has a volume of 0.72 L, this results
in a residence time of ∼43 s. Humidities were maintained to within
±0.1% of the measured RH, which took 10−20 min to reach steady
state with the exception of 0% RH, which took up to 2 h. In general,
based on the RH sensor readings, the chamber was able to operate
between ∼0 and 85% RH consistently, above which, for example, at
90% RH set point, variations were observed as the temperature was
not controlled. The lack of temperature control is a limitation of this
system as it affects membrane WU5,58 and achievable RH. However,
temperature was recorded for all experiments and varied between 20.7
and 25 °C.

2.3. Terahertz Time-Domain Spectroscopy. Transmission
terahertz spectroscopy was performed using a commercial THz-
TDS setup (TERA K15, Menlo Systems, Germany), as shown in
Figure 1. Nafion 117 hydrated with saturated salt solutions was
measured in free space without the humidity chamber present at
ambient environmental conditions, and for each measurement, 20
averages were acquired. For chamber measurements, these were
acquired at decreasing measured humidities of 90, 70, 50, 30, 10, and
0% RH at steady state for 2 h from a prehydrated state at 100% RH.
To reduce the effect of laser jitter, a reference measurement was
always acquired in the same environment as the sample but without
the sample being present. Specifically for the chamber, the reference
data was acquired at the same humidities as the sample to remove
discrete water vapor absorption lines as shown in Figure S1, which
would otherwise interfere with subsequent data analysis. Figure S2
further shows the increasing strength of these absorption lines with
increasing humidity.59

2.4. Data Analysis. Prior studies have shown how macroscopic
WU can be determined in hydrated membranes where an equivalent
model of hydrated membranes is arranged as a dry membrane and a
uniform layer of water thickness.14 As the dielectric properties of
membranes at different WUs can be described using effective medium
theory, here we assume a simple, linear mixing model relating the
effective frequency-dependent absorption and the volume fraction of
water in the system60 as shown in eq 1

= +d d d(RH) ( , RH) ( ) (RH) ( )hyd hyd m m w w (1)

where α is the absorption coefficient, ω is the angular frequency, and
d is the thickness, subscripts hyd and m refer to hydrated and dry
membrane, respectively, while w is the water contribution. By

Figure 1. (a) Concept diagram of the proposed measurement to probe membrane water states. (b) Experimental setup using THz-TDS shown
with the chamber lid removed.

Table 1. Conditions for Membrane Hydration and the
Expected WU

saturated salt
solution

measured RH
(%)

expected Nafion 117 WU
(wt %)55

magnesium chloride 38−40 7.7
potassium carbonate 47 8.6
sodium chloride 74−78 13.1
DI water 100 26.0
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rearranging eq 1, the effective water thickness can be determined
using eq 2

=d d d(RH)
1
( )

( ( , RH) (RH) ( ) )w
w

hyd hyd m m (2)

Absorption coefficients and thicknesses of dry and hydrated
membranes are calculated from analyzing acquired waveforms using
the previously developed parameter-based algorithm.54 In general, this
algorithm models the transmitted electromagnetic wave through a
dielectric slab with a complex refractive index n̂s = ns(ω) − iks(ω) at a
normal angle of incidence in free space using plane-wave
approximation shown in eq 354

i
k
jjj y
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s

s 0
s 0

(3)

where Ês(ω) and Êr(ω) are the Fourier transform of the sample and
reference waveforms, respectively, Ĥ(ω) is the transfer function, n0 is
the refractive index of air, c is the speed of light under vacuum, and d
is the sample thickness. FP(ω) is the Fabry−Perot from multiple
internal reflections given by eq 4
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Iterative methods are then used to extract the optical parameters by
minimizing the error between the modeled transfer function and the
measured transfer function,61−67 commonly known as the objective
function in optimization and expressed as

H H( ) ( )theory measured (5)

To ensure that the solver can arrive at physical solutions, a priori
information on the dielectric response of the materials is included,
which is valid for hydrated membranes as they are known to follow a
double Debye response10,14,54,68 expressed as

= +
+

+
+i i

( )
1 1

1

1

2

2 (6)

where ε∞ is the infinite dielectric constant, Δε1 and Δε2 are the
dielectric strengths of the bulk and free Debye relaxations,
respectively, τ1 is the bulk relaxation time fixed at ∼8 ps,10,14 and τ2
is the free relaxation time. Bounds of the fitting parameters are shown
in Table S1. The complex permittivity and absorption coefficient in
turn are related to the complex refractive index using the following

= =j n k j n k( ) ( ) ( ) ( ) ( ) 2 ( ) ( )s
2

s
2

s s

(7)

=
k
c

2 ( )s
(8)

Using the absorption coefficient of liquid water69 together with the
optical parameters and thicknesses from the solver, humidity-
dependent effective water thicknesses and hence WU can be
determined using eqs 2 and 9

=
d

d
WU(RH)

(RH)w w

m m (9)

where ρw and ρm are the densities of water (1 g/cm3) and Nafion
(1.94 g/cm314), respectively. Using the extracted dielectric strengths
and WU, the proportions of bulk, bound, and free water states are
then determined using eqs 10−1213,14,54

=
+

f
C

C
(RH)

(RH)
bulk

0

H O(RH)

1

1,bulk 2,bulk2 (10)

=
+

f
C

C
(RH)

(RH)
free

0

H O(RH)

2

1,bulk 2,bulk2 (11)

=f f f(RH) 1 (RH) (RH)bound bulk free (12)

where Δε1,bulk and Δε2,bulk are the dielectric strengths of bulk and free
water relaxations for pure water, respectively, and C0 is the
concentration of pure water (55.5 mol/L). The density of the
hydrated membrane and the concentration of water within the
membrane can be determined using eqs 13 and 1414,54 respectively,
where Mw is the molecular weight of water (18 g/mol)

= +

+( )
(100 WU(RH))

wm WU(RH) 100

w m (13)

=
+

C
M

(RH)
WU(RH)

(100 WU(RH))H O
wm

w
2 (14)

It should be noted that due to a relatively long measurement delay
between sample and reference measurement to reach steady-state
humidity, terahertz pulse drift is likely, and hence, the resultant phase
is corrected by multiplying the transfer function by a phase shift term
exp(-iΔtω),70 where Δt corresponds to a small timing change (<15
fs) for selected measurements. As thin membranes are particularly
susceptible to pulse shifts than their thicker counterparts, phase
correction is applied to outlier phases which due to laser jittering
deviate from an observed trend of approximately equal phase spacing
between RHs. Given the amount of correction applied can affect the
extracted membrane thicknesses, this amount is validated by
comparing the resultant thicknesses against actual thickness using a
micrometer taken immediately after each terahertz measurement. In
particular, the thickness difference between the two modalities was
generally less than 5% for thin membranes. To ensure high-quality
fitting to the measurement for the robust extraction of the parameters,
the fitting spectral range is taken up to 1 THz, above which water
vapor absorption becomes increasingly dominant (see Figure S3).
The choice over this spectral range also coincides with the rotational
relaxation of water.13,71,72 All of the acquired terahertz measurements
were processed using codes developed in Matlab (Mathworks, Inc.,
MA, USA).

For comparison against DSC data, conversion to respective water
contents [H2O/SO3] was performed using the following

=
M

WC (RH)
WU(RH)EW

100total
w (15)

= fWC (RH) (RH)WC (RH)bulk bulk total (16)

= fWC (RH) (RH)WC (RH)bound bound total (17)

where WC is the water content [H2O/SO3] and EW is the equivalent
weight of Nafion (1100 g/mol).

2.5. Differential Scanning Calorimetry and Thermogravi-
metric Analysis. DSC was performed using a DSC Q2000
instrument (TA Instruments) using a temperature modulation
mode. The same Nafion 117 samples were cut into small (2−5 mg)
pieces and equilibrated at room temperature for at least 2 h prior to
measurement either in DI water or at 85% RH in a humidity chamber.
Samples were transferred rapidly into aluminum DSC crucibles with
minimal (<1 min) exposure to the ambient atmosphere before sealing.
The DSC cycling program comprised a negative temperature ramp
from 20 to −90 °C at 2 °C/min cooling rate, followed by a positive
temperature ramp up to 160 °C at 2 °C/min. A temperature
modulation amplitude of ±1 °C every 60 s was used to reduce the
problem of looping artifacts caused by supercooling effects. The
instrument software Universal Analysis (UA) was used for the peak
integration analysis of the thermogram, shown in Figure S4. The mass
of freezable water was calculated by integrating the endothermic peak
on the heating thermogram associated with ice melting (between −20
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and 0 °C) and assuming that the enthalpy of freezing of water is 314
J/g.37 The total mass of water was calculated by integrating the broad
endothermic peak associated with water evaporation (between 20 and
120 °C) and taking the enthalpy of vaporization of water to be 2258
J/g.73 For each condition, repeated measurements were performed on
at least two samples.

Thermogravimetric analysis (TGA) was performed using a Q5000
IR instrument (TA Instruments). The Nafion 117 sample was cut into
5 mg pieces and equilibrated at room temperature in DI water for at
least 2 h prior to analysis. Samples were dabbed with tissue paper to
remove any excess water and transferred rapidly (<30 s transfer time)
into aluminum TGA crucibles before sealing. A temperature ramp of 5
°C/min was employed from room temperature up to 200 °C, and the
mass change at 150 °C was used to calculate the total water content.
Repeat measurements were performed on at least two samples.

3. RESULTS
3.1. Water Uptake. Figure 2 shows the extracted dielectric

response for the three different Nafion membranes at
measured RHs of 0, 10, 30, 50, 70, and 86−90%, and as
expected, both the real and imaginary components of the
complex dielectric permittivity increase with humidity.10

Fitting results are shown in Figure S5. Given the quality of
the fits and a general agreement with the micrometer-measured
thicknesses, the response therefore confirms the broad
applicability of our data analysis algorithm.54 It also highlights
that these data can be well described by using the double
Debye response (eq 6) with τ1 fixed to the bulk water time
constant at ∼8 ps. Such a value is also observed in pure water
in the terahertz region69,72,74,75 as well as hydrated Nafion 117
using dielectric spectroscopy.10 These results therefore confirm
that these hydrated membranes contain water molecules with
reorientation dynamics similar to bulk water molecules.10,14,54

Using the extracted thicknesses and optical parameters of the
hydrated membranes, effective water thicknesses were
determined using eqs 2 and 9 to produce humidity-dependent
WU as shown in Figure 3. These results are compared against
literature values acquired using gravimetric-based DVS,55,76−82

where a general agreement between the nonlinear uptake
profile is observed for the different Nafion membranes with
small differences between the absolute WU values. The data
obtained in the current study for Nafion 117 is additionally
consistent with data at RHs controlled using salt solutions
where our measurements are also in agreement with prior work
that used cuvettes shown in Figure S6,83,84 which extends
down to sub-GHz frequencies. The differences observed could
possibly be due to variations in how the membranes have been
pretreated and their thermal history. Furthermore, due to a
lack of temperature control in the realized chamber, variations
are also be expected. In the case of Nafion XL, these
differences are additionally convoluted by the hysteresis80

where the only accessible literature data is related to sorption
instead of desorption.81,82 These results therefore suggest that
effective medium theory can be used to estimate the effective
water thickness, which reduces to zero at 0% RH resulting in a
zero WU in line with DVS where residual water is generally
ignored.5,82,85−87 Here, we estimate the residual water that
requires an elevated temperature for removal86 as the
measured value at 0% RH, and while this is generally in
agreement with literature values, our values are slightly
lower.5,88,89

3.2. Water States. Using the extracted model parameters
from eqs 10 to 12 in a manner similar to previously,13,14,54

Figure 4 shows the proportion of RH-dependent water states

Figure 2. Real and imaginary parts of the complex dielectric
permittivity of (a) Nafion 117, (b) Nafion 211, and (c) Nafion XL
at different RHs.
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in Nafion membranes where error bars for thin Nafion 211 and
XL are greater than for thicker Nafion 117 possibly due to laser
jittering, material handling, as well as uncertainties associated
with membrane residual water. As expected however, the
relative proportion of bulk water does increase with increasing
humidification, while a concomitant decrease in bound water is

observed. This behavior is generally in qualitative agreement
with understanding5 and observations made using other
characterization methods (e.g., DSC37 and dielectric spectros-
copy10), membrane systems,13 and prior work.54 In particular,

Figure 3. Isotherms of (a) Nafion 117, (b) Nafion 211, and (c)
Nafion XL from THz-TDS against literature DVS values.

Figure 4. Humidity-dependent water states of (a) Nafion 117, (b)
Nafion 211, and (c) Nafion XL.
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bound water dominates at low RHs, and as the water activity in
the membrane increases through humidification, the propor-
tion of bound water contribution decreases in exchange for an
increase in bulk water. The value of RH at which there is a
crossover between bulk and bound water is different for
membrane types and thicknesses. Specifically, the crossover
point for Nafion 211 and XL occurs at ∼30% RH, lower than
the ∼60% RH observed for Nafion 117. For Nafion 211, this
may be associated with the higher WU5,90 resulting in a greater
proportion of bulk water due to the membranes being
dispersion casted as opposed to extruded.91,92 Figures S7 and
S8 further compares the water properties of membranes used
in this work. In particular, WU did not show significant
difference for varying membrane thicknesses, but bulk water
proportions are reduced with thicker Nafion 117 compared to
thinner Nafion 211, resulting in slightly lower proton
conductivity at low RHs.80,93 At high RHs, however, bulk
water proportions for Nafion XL and 117 are similar, resulting
in similar proton conductivities82,94 but are ∼6% lower than
Nafion 211. The reduction in bulk water within Nafion XL
compared to Nafion 211 suggests that water domains have
been disrupted under hydrophobic PTFE reinforcements, thus
decreasing the ability of the membranes to accommodate
water, consistent with a reduced WU seen in Figure 3 and
consequently a reduced proton conductivity.82,95 This high-
lights that even though membrane thickness may play a role in
the water properties, other factors such as heat treatment,
reinforcements, and manufacturing conditions5,54,93 will
inevitably need to be considered.

DSC is routinely used for discriminating and quantifying
freezable and nonfreezable water content in membrane
systems,35,37−42 which can provide an indication of the water
states. We therefore performed DSC measurements on the
same Nafion 117 membrane used in terahertz measurements
to compare the distributions of water states derived from these
two techniques. Figure 5 shows the freezable/nonfreezable
water content estimated from our DSC measurements against
DSC literature values.35,37−40 Our DSC results are broadly
consistent with the trend observed in the literature values,
although we note that some differences are observed for the
fully humidified sample, which exhibited a slightly higher
freezable (and lower nonfreezable) water content compared to
the literature. One possible reason for these differences is that
we used the water evaporation peak in the DSC thermogram to
estimate the total water content, while it is more common in
the literature to calculate this by TGA. A difference may arise
because the DSC calculation assumes the enthalpy of water
vaporization to be the same in the membrane as it is for liquid
water, which may contribute a significant source of error. To
investigate this, we performed TGA on the fully humidified
Nafion 117 to estimate the total water content and the
associated data points in Figure 5. Importantly, the total water
estimated by TGA was found to be slightly lower than that
estimated by DSC, so this cannot account for the deviation
between our nonfreezable water calculation and that reported
in the literature. Hence, there must be additional experimental
factors that are responsible for this discrepancy, and these are
discussed in Section 3.3. Importantly, we note that the use of
TGA to estimate the total water introduces considerably more
error to the water state information compared to the use of
DSC for this purpose, which highlights a potential weakness in
using this approach for quantitative analysis. The reasons for
the large error in the TGA-derived total water content is

unclear, although this may relate to rapid equilibration of the
fully hydrated Nafion samples with the ambient lab environ-
ment immediately prior to measurement, leading to different
degrees of dehydration.

In order to compare terahertz bulk/bound against DSC
freezable/nonfreezable water content, we converted terahertz
water fractions from Figure 4 into their respective water
content as described above, where a similarity between the
respective trends can be observed consistent with other
hydrophilic polymers.96 Despite this similarity, terahertz data
generally reports a higher bulk water content than DSC
freezable water for a given total water content (Figure 5a)
possibly due to (1) bulk water fusion enthalpy being used to
estimate freezable water content from DSC as opposed to a
lower membrane-dependent value,36 which would increase the
freezable water content; (2) total water content used to
calculate water states from DSC is often independently
measured gravimetrically,35,38,39,41 which can introduce con-

Figure 5. Nafion 117 water states comparison of (a) bulk and (b)
bound states against DSC water states.35,37−40
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siderable uncertainty; and (3) differences in the boundary
between the water states being probed96 resulting in some of
the nonfreezable water being incorrectly categorized as bulk
water by the terahertz measurement. The latter difference
arises from different physical parameters being measured, e.g.,
water fusion enthalpy by DSC as opposed to bulk water
dielectric strengths by terahertz. While there is also some
similarity between the trends between nonfreezable and bound
water (Figure 5b), this similarity is less compared to the
freezable/bulk water case. DSC is further prone to
uncertainties from the independently measured water content
convoluted by aforementioned factors that propagate into the
respective water content calculation.

FTIR spectroscopy can provide an alternative means to
characterize water in PFSA membranes. In particular,
Kunimatsu et al.28 demonstrated that there is a linear
correlation between the band area of the peak at 1630 cm−1

(assigned to the HOH bending vibration of water molecules
associated with SO3

− groups) and the membrane proton
conductivity. To compare our terahertz measurement against
the FTIR data reported by Kunimatsu et al.,28 we performed
an equivalent experiment in which a 90% RH hydrated Nafion
211 membrane was dehydrated by continuously purging the
chamber with dry air while acquiring terahertz response as a
function of drying time. Figure 6 compares the rapid decay of

the reported area under the 1630 cm−1 peak28 against the
dielectric strength for bulk relaxation, which is associated with
bulk water (see eq 6).28 These results show that during
dehydration, water rapidly desorbs from the hydrated
membrane under the driving force of osmosis, resulting in a
rapid bulk water decay accompanied by an increase in bound
water, while free water remains constant. Such an observation
is consistent with prior studies of Nafion dehydration under
ambient conditions.14,54 Comparing terahertz data against
FTIR, a correlation can be observed, suggesting that the
extracted terahertz bulk relaxation data may serve as a proxy
for proton conductivity.

The distinction between bulk, bound, and free water in the
terahertz regime ultimately stems from fundamental temper-
ature-dependent water studies.69,72,74,75 There is a general
understanding that bulk water corresponds to collective
reorientational dynamics of the dipole moment with a

resonance at ∼18 GHz or a relaxation time of ∼8 ps at
room temperature resolvable at microwave10,97 and terahertz
frequencies69,72,74,75 and confirmed by molecular dynamics
simulations.69 This collective relaxation, however, is not
Raman active as opposed to free water, which could be,72

with origins from the collisional relaxation inside the
nonhydrogen bonding structure.75 The remaining water
population according to eq 12 is assigned as bound water,
which has been shown to contain both strongly and loosely
bound water in solutions.98 DSC nonfreezable water is
generally associated with strongly bound water,10,98 but this
was shown to be higher than the total bound water determined
from our terahertz data, indicating inconsistency between these
measurements. This could be possibly due to fundamental
differences in the measurement techniques resulting in
differences in water states being probed in addition to the
significant variations in DSC data, as discussed earlier.
Dielectric spectroscopy could be an alternative to probe
strongly bound water with microsecond relaxation time at
ambient temperatures.10 Elucidating the different water states
across different techniques is therefore subject to future
investigation including the recently proposed environmentally
controlled Raman spectroscopy.99,100

3.3. Practical Limitations. In spite of the challenges
associated with comparing techniques that probe different
parameters, we have observed a general agreement between the
presented terahertz results against literature DVS, DSC, and
FTIR data. However, it is also important to highlight some
associated practical challenges. Firstly for the terahertz
measurements presented here, a number of limitations should
be considered in addition to those pointed out previously:54

(i) the terahertz measurements performed using the controlled
humidity chamber results are desorption data only, thus will
differ from sorption due to membrane hysteresis; (ii) no
temperature control was implemented; thus, variations will
exist in the quantified water states; (iii) there are practical
challenges in maintaining high humidities (i.e., ≥90%) inside
the humidity chamber, and this is the range particularly
relevant to observe the steep WU increase; and (iv) increased
uncertainties for thinner membranes (even though THz-TDS
has sensitivity to dry polymeric films down to micron scales,
thicknesses at least an order of magnitude greater than this are
required for reliable characterization57). These factors are
inevitably affected by sensor uncertainties, as some deviations
from actual humidities can be expected. This is especially the
case at 0% RH where some moisture is expected to remain.

The use of DSC to quantify the freezable water content can
also be challenging, particularly when attempting this at
different, controlled total water contents. For measurements
using fully humidified membranes, the water freezing/melting
events are easily detectable in the thermograms, but, as noted
in Section 2.5, supercooling effects can lead to crystallization
loops101 which may compromise the quantification. Such
effects can be minimized by employing a slow temperature
ramp and/or employing temperature-modulated DSC, in
which a sinusoidal perturbation is superimposed on the linear
temperature ramp. Humidity control is not typically possible
using DSC instrumentation; therefore, performing DSC
measurements on membranes at known levels of humidity
below saturation is difficult to achieve accurately. In this work,
the membranes were equilibrated at 85% RH in an
environmental chamber, but as soon as the sample is removed
from the controlled environment, re-equilibration with the

Figure 6. Terahertz bulk dielectric strength for comparison with
literature FTIR peak area.28
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ambient lab conditions will begin instantly. While steps were
taken to minimize the ambient exposure time, it is very likely
that the actual water content at the point of measurement will
have decreased by an unknown amount. The impact of this will
depend not only on the thickness of the membrane (thicker
membranes are expected to re-equilibrate more slowly than
thinner ones) but also on the type of crucible used in the DSC
measurement (i.e., whether or not it creates an airtight seal).
Furthermore, we noticed that the water freezing events in the
DSC thermograms for the 85% RH samples were very weak, so
measurements at lower total water content would be expected
to be below the limit of detection (this was confirmed by the
absence of any detectable freezing events in membranes
equilibrated at ∼50% RH). Hence, DSC is limited to a
relatively narrow range of total water contents, and even for the
samples equilibrated at 85% RH, we expect considerable
uncertainty (of the order of 20%) associated with the low
signal-to-noise ratio and difficulties in selecting appropriate
baselines for the peak integration.

In contrast to DSC, humidity control with FTIR during
measurement is more straightforward,28 and the measurement
is sensitive enough to detect very low amounts of water. The
most significant challenge with FTIR, however, lies in the
analysis and spectra interpretation, as the OH− stretching and
HOH bending IR modes are typically very broad and comprise
multiple peaks. Deconvoluting these multicomponent bands by
peak fitting is therefore challenging, and uncertainties arise as
to the individual component band assignment. Moreover,
quantitative FTIR spectroscopy is not recommended without
appropriate calibration data, as absorbance does not necessarily
scale linearly with analyte concentration, particularly in highly
concentrated, strongly absorbing media like water.102

4. CONCLUSIONS
In this work, we have demonstrated the possibility of
quantifying WU and states inside Nafion 117, Nafion 211,
and Nafion XL membranes using the proposed humidity-
controlled THz-TDS. This has produced WU data consistent
with literature DVS values and water state trends in agreement
with literature DSC and FTIR data. Even though we have
probed PFSAs, without a loss of generality, the proposed
technique is also applicable to anion-exchange membranes,
where THz-TDS has also demonstrated sensitivity with results
consistent with complementary small-angle X-ray and neutron
scattering measurements.103 As an emerging technique, table-
top based humidity-controlled THz-TDS can probe samples
rapidly and nondestructively under controlled environments,
thus opening up opportunities for future membrane testing.
This will complement existing techniques to enable a greater
material understanding and optimization of performance−
stability trade-offs for a range of green technologies such as
hydrogen fuel cells and electrolyzers underpinning a
sustainable, green economy.
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(38) Álvarez-Gallego, Y.; De Heer, M. P. Sub-Freezing Conductivity

of PFSA Membranes. Fuel Cells 2009, 9 (4), 421−431.
(39) Lin, J.; Wu, P. H.; Wycisk, R.; Pintauro, P. N.; Shi, Z. Properties

of Water in Prestretched Recast Nafion. Macromolecules 2008, 41
(12), 4284−4289.
(40) Roy, A.; Hickner, M. A.; Lee, H. S.; Glass, T.; Paul, M.; Badami,

A.; Riffle, J. S.; McGrath, J. E. States of Water in Proton Exchange
Membranes: Part A�Influence of Chemical Structure and
Composition. Polymer 2017, 111, 297−306.
(41) Roy, A.; Lee, H. S.; McGrath, J. E. Hydrophilic-Hydrophobic

Multiblock Copolymers Based on Poly(Arylene Ether Sulfone)s as
Novel Proton Exchange Membranes�Part B. Polymer 2008, 49 (23),
5037−5044.
(42) Kim, Y. S.; Dong, L.; Hickner, M. A.; Glass, T. E.; Webb, V.;

McGrath, J. E. State of Water in Disulfonated Poly(Arylene Ether
Sulfone) Copolymers and a Perfluorosulfonic Acid Copolymer
(Nafion) and its Effect on Physical and Electrochemical Properties.
Macromolecules 2003, 36 (17), 6281−6285.
(43) Tabuchi, Y.; Ito, R.; Tsushima, S.; Hirai, S. Analysis of In Situ

Water Transport in Nafion® by Confocal Micro-Raman Spectrosco-
py. J. Power Sources 2011, 196, 652−658.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.4c01820
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

I

https://doi.org/10.1016/j.jpowsour.2021.230772
https://doi.org/10.1016/j.jpowsour.2021.230772
https://doi.org/10.1016/j.jpowsour.2021.230772
https://doi.org/10.1002/polb.21573
https://doi.org/10.1002/polb.21573
https://doi.org/10.1039/b701234a
https://doi.org/10.1039/b701234a
https://doi.org/10.1039/C8CP01625A
https://doi.org/10.1039/C8CP01625A
https://doi.org/10.1039/C8CP01625A
https://doi.org/10.1149/1.2815444
https://doi.org/10.1149/1.2815444
https://doi.org/10.1149/1.2815444
https://doi.org/10.3390/en14175440
https://doi.org/10.3390/en14175440
https://doi.org/10.3390/en14175440
https://doi.org/10.1016/j.bpj.2009.08.024
https://doi.org/10.1016/j.bpj.2009.08.024
https://doi.org/10.1016/j.memsci.2019.117183
https://doi.org/10.1016/j.memsci.2019.117183
https://doi.org/10.1016/j.memsci.2019.117183
https://doi.org/10.1016/j.memsci.2019.117183
https://doi.org/10.1016/S0376-7388(00)81563-X
https://doi.org/10.1016/S0376-7388(00)81563-X
https://doi.org/10.1023/A:1004891917643
https://doi.org/10.1023/A:1004891917643
https://doi.org/10.1016/j.jpcs.2018.04.028
https://doi.org/10.1016/j.jpcs.2018.04.028
https://doi.org/10.1016/j.elecom.2008.01.018
https://doi.org/10.1016/j.elecom.2008.01.018
https://doi.org/10.1016/j.elecom.2008.01.018
https://doi.org/10.1016/j.jpowsour.2022.231251
https://doi.org/10.1016/j.jpowsour.2022.231251
https://doi.org/10.1016/j.jpowsour.2022.231251
https://doi.org/10.1021/acsaem.9b01266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.9b01266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0CP03887C
https://doi.org/10.1039/D0CP03887C
https://doi.org/10.1039/D0CP03887C
https://doi.org/10.1016/j.rinp.2019.01.066
https://doi.org/10.1016/j.rinp.2019.01.066
https://doi.org/10.1016/j.rinp.2019.01.066
https://doi.org/10.1016/j.rinp.2019.01.066
https://doi.org/10.1021/jp1112125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp1112125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1149/1.2167954
https://doi.org/10.1149/1.2167954
https://doi.org/10.1021/jp311062h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp311062h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp311062h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.5b03568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.5b03568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0022-0728(98)00321-0
https://doi.org/10.1016/S0022-0728(98)00321-0
https://doi.org/10.1021/jp112300c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp112300c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp112300c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1RA00791B
https://doi.org/10.1039/D1RA00791B
https://doi.org/10.1139/v80-237
https://doi.org/10.1139/v80-237
https://doi.org/10.1039/a904460d
https://doi.org/10.1039/a904460d
https://doi.org/10.1039/a904460d
https://doi.org/10.1016/S0013-4686(99)00438-7
https://doi.org/10.1016/S0013-4686(99)00438-7
https://doi.org/10.1021/jp301762h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp301762h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.memsci.2020.118276
https://doi.org/10.1016/j.memsci.2020.118276
https://doi.org/10.1080/00222340802561649
https://doi.org/10.1080/00222340802561649
https://doi.org/10.1149/1.2359699
https://doi.org/10.1149/1.2359699
https://doi.org/10.1021/jp0531208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0531208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/fuce.200800177
https://doi.org/10.1002/fuce.200800177
https://doi.org/10.1021/ma800194z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma800194z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.polymer.2017.01.021
https://doi.org/10.1016/j.polymer.2017.01.021
https://doi.org/10.1016/j.polymer.2017.01.021
https://doi.org/10.1016/j.polymer.2008.08.046
https://doi.org/10.1016/j.polymer.2008.08.046
https://doi.org/10.1016/j.polymer.2008.08.046
https://doi.org/10.1021/ma0301451?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma0301451?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma0301451?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jpowsour.2010.07.078
https://doi.org/10.1016/j.jpowsour.2010.07.078
https://doi.org/10.1016/j.jpowsour.2010.07.078
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.4c01820?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(44) Syouji, A.; Sakai, M.; Hara, M.; Matsushima, H. Drying Process
of Water in a Nafion Membrane Embedded in the Fuel Cell Analyzed
by Coherent Anti-Stokes Raman Scattering Spectroscopy. Jpn. J. Appl.
Phys. 2018, 57 (11), 117101.
(45) Hara, M.; Inukai, J.; Bae, B.; Hoshi, T.; Miyatake, K.; Uchida,

M.; Uchida, H.; Watanabe, M. Micro-Raman Study on Water
Distribution inside a Nafion Membrane during Operation of Polymer
Electrolyte Fuel Cell. Electrochim. Acta 2012, 82, 277−283.
(46) Ostrovskii, D. I.; Brodin, A. M.; Torell, L. M. Raman Study of

Water in Nafion-117 Membranes. Solid State Ionics 1996, 85 (1−4),
323−327.
(47) Hiesgen, R.; Aleksandrova, E.; Meichsner, G.; Wehl, I.;

Roduner, E.; Friedrich, K. A. High-Resolution Imaging of Ion
Conductivity of Nafion® Membranes with Electrochemical Atomic
Force Microscopy. Electrochim. Acta 2009, 55 (2), 423−429.
(48) Sengupta, S.; Lyulin, A. V. Molecular Modeling of Structure

and Dynamics of Nafion Protonation States. J. Phys. Chem. B 2019,
123 (31), 6882−6891.
(49) Daly, K. B.; Benziger, J. B.; Panagiotopoulos, A. Z.;

Debenedetti, P. G. Molecular Dynamics Simulations of Water
Permeation across Nafion Membrane Interfaces. J. Phys. Chem. B
2014, 118 (29), 8798−8807.
(50) Zhang, G.; Yang, G.; Li, S.; Shen, Q.; Wang, H.; Li, Z.; Zhou,

Y.; Ye, W. Effects of Hydration and Temperature on the Micro-
structure and Transport Properties of Nafion Polyelectrolyte
Membrane: A Molecular Dynamics Simulation. Membranes 2021,
11 (9), 695.
(51) Chau, D. Y. S.; Dennis, A. R.; Lin, H.; Axel Zeitler, J.;

Tunnacliffe, A. Determination of Water Content in Dehydrated
Mammalian Cells Using Terahertz Pulsed Imaging: A Feasibility
Study. Curr. Pharm. Biotechnol. 2015, 17 (2), 200−207.
(52) Lin, H.; Russell, B. P.; Bawuah, P.; Zeitler, J. A. Sensing Water

Absorption in Hygrothermally Aged Epoxies with Terahertz Time-
Domain Spectroscopy. Anal. Chem. 2021, 93, 2449−2455.
(53) Alves-Lima, D. F.; Letizia, R.; Degl’Innocenti, R.; Dawson, R.;

Lin, H. Quantitative Video-Rate Hydration Imaging of Nafion Proton
Exchange Membranes with Terahertz Radiation. J. Power Sources
2020, 450, 227665.
(54) Alves-Lima, D. F.; Li, X.; Coulson, B.; Nesling, E.; Ludlam, G.

A. H.; Degl’Innocenti, R.; Dawson, R.; Peruffo, M.; Lin, H. Evaluation
of Water States in Thin Proton Exchange Membrane Manufacturing
Using Terahertz Time-Domain Spectroscopy. J. Membr. Sci. 2022,
647, 120329.
(55) Kreuer, K. D.; Schuster, M.; Obliers, B.; Diat, O.; Traub, U.;

Fuchs, A.; Klock, U.; Paddison, S. J.; Maier, J. Short-Side-Chain
Proton Conducting Perfluorosulfonic Acid Ionomers: Why They
Perform Better in PEM Fuel Cells. J. Power Sources 2008, 178 (2),
499−509.
(56) Li, Q.; Kolbel, J.; Threlfall, T.; Zeitler, J. A. Flow Cell to Study

Crystallization Processes In Situ Using Terahertz Time-Domain
Spectroscopy. IEEE Trans. Terahertz Sci. Technol. 2022, 12 (2), 193−
198.
(57) Naftaly Terahertz Metrology; Artech House: Boston, MA, 2014.
(58) Huang, Y. C.; Lee, H. F.; Tseng, Y. C.; Lee, C. C.; Chang, M.

Y.; Huang, W. Y. Synthesis of Novel Sulfonated Poly(Arylene Ether)s
Containing a Tetra-Trifluoromethyl Side Chain and Multi-Phenyl for
Proton Exchange Membrane Fuel Cell Application. RSC Adv. 2017, 7
(53), 33068−33077.
(59) Xin, X.; Altan, H.; Saint, A.; Matten, D.; Alfano, R. R. Terahertz

Absorption Spectrum of Para and Ortho Water Vapors at Different
Humidities at Room Temperature. J. Appl. Phys. 2006, 100 (9),
094905.
(60) Federici, J. F. Review of Moisture and Liquid Detection and

Mapping Using Terahertz Imaging. J. Infrared, Millimeter, Terahertz
Waves 2012, 33, 97−126.
(61) Duvillaret, L.; Garet, F.; Coutaz, J. L. A Reliable Method for

Extraction of Material Parameters in Terahertz Time-Domain
Spectroscopy. IEEE J. Sel. Top. Quantum Electron. 1996, 2, 739−746.

(62) Dorney, T. D.; Baraniuk, R. G.; Mittleman, D. M. Material
Parameter Estimation with Terahertz Time-Domain Spectroscopy. J.
Opt. Soc. Am. A 2001, 18, 1562.
(63) Wilk, R.; Pupeza, I.; Cernat, R.; Koch, M. Highly Accurate THz

Time-Domain Spectroscopy of Multilayer Structures. IEEE J. Sel. Top.
Quantum Electron. 2008, 14, 392−398.
(64) Scheller, M. Data Extraction from Terahertz Time Domain

Spectroscopy Measurements. J. Infrared, Millimeter, Terahertz Waves
2014, 35, 638−648.
(65) Pupeza, I.; Wilk, R.; Koch, M. Highly Accurate Optical Material

Parameter Determination with THz Time-Domain Spectroscopy. Opt.
Express 2007, 15 (7), 4335.
(66) Hejase, J. A.; Rothwell, E. J.; Chahal, P. A Multiple Angle

Method for THz Time-Domain Material Characterization. IEEE
Trans. Terahertz Sci. Technol. 2013, 3 (5), 656−665.
(67) Li, X.; Hong, Z.; He, J.; Chen, Y. Precisely Optical Material

Parameter Determination by Time Domain Waveform Rebuilding
with THz Time-Domain Spectroscopy. Opt. Commun. 2010, 283,
4701−4706.
(68) Yurchenko, S. O.; Zaytsev, K. I. Spectroscopy of Nafion in

Terahertz Frequency Range. J. Appl. Phys. 2014, 116 (11), 113508.
(69) Rønne, C.; Thrane, L.; Åstrand, P. O.; Wallqvist, A.; Mikkelsen,

K. V.; Keiding, S. R. Investigation of the Temperature Dependence of
Dielectric Relaxation in Liquid Water by THz Reflection Spectros-
copy and Molecular Dynamics Simulation. J. Chem. Phys. 1997, 107
(14), 5319−5331.
(70) Lin, H.; Burton, O. J.; Engelbrecht, S.; Tybussek, K. H.;

Fischer, B. M.; Hofmann, S. Through-Substrate Terahertz Time-
Domain Reflection Spectroscopy for Environmental Graphene
Conductivity Mapping. Appl. Phys. Lett. 2020, 116 (2), 021105.
(71) Vij, J. K.; Simpson, D. R. J.; Panarina, O. E. Far Infrared

Spectroscopy of Water at Different Temperatures: GHz to THz
Dielectric Spectroscopy of Water. J. Mol. Liq. 2004, 112 (3), 125−
135.
(72) Fukasawa, T.; Sato, T.; Watanabe, J.; Hama, Y.; Kunz, W.;

Buchner, R. Relation between Dielectric and Low-Frequency Raman
Spectra of Hydrogen-Bond Liquids. Phys. Rev. Lett. 2005, 95 (19),
197802.
(73) Haynes, W. M. CRC Handbook of Chemistry and Physics; CRC

Press, 2014..
(74) Kindt, J. T.; Schmuttenmaer, C. A. Far-Infrared Dielectric

Properties of Polar Liquids Probed by Femtosecond Terahertz Pulse
Spectroscopy. J. Phys. Chem. 1996, 100 (24), 10373−10379.
(75) Yada, H.; Nagai, M.; Tanaka, K. Origin of the Fast Relaxation

Component of Water and Heavy Water Revealed by Terahertz Time-
Domain Attenuated Total Reflection Spectroscopy. Chem. Phys. Lett.
2008, 464 (4−6), 166−170.
(76) Li, Y.; Nguyen, Q. T.; Buquet, C. L.; Langevin, D.; Legras, M.;

Marais, S. Water Sorption in Nafion® Membranes Analyzed with an
Improved Dual-Mode Sorption Model�Structure/Property Relation-
ships. J. Membr. Sci. 2013, 439, 1−11.
(77) Zawodzinski, T. A.; Derouin, C.; Radzinski, S.; Sherman, R. J.;

Smith, V. T.; Springer, T. E.; Gottesfeld, S. Water Uptake by and
Transport Through Nafion® 117 Membranes. J. Electrochem. Soc.
1993, 140 (4), 1041−1047.
(78) Choi, P.; Jalani, N. H.; Datta, R. Thermodynamics and Proton

Transport in Nafion. J. Electrochem. Soc. 2005, 152 (3), No. E84.
(79) Ochi, S.; Kamishima, O.; Mizusaki, J.; Kawamura, J.

Investigation of Proton Diffusion in Nafion®117 Membrane by
Electrical Conductivity and NMR. Solid State Ionics 2009, 180 (6−8),
580−584.
(80) Peron, J.; Mani, A.; Zhao, X.; Edwards, D.; Adachi, M.;

Soboleva, T.; Shi, Z.; Xie, Z.; Navessin, T.; Holdcroft, S. Properties of
Nafion® NR-211 Membranes for PEMFCs. J. Membr. Sci. 2010, 356
(1−2), 44−51.
(81) Robert, M.; El Kaddouri, A.; Perrin, J.-C.; Leclerc, S.; Lottin, O.

Towards a NMR-Based Method for Characterizing the Degradation
of Nafion XL Membranes for PEMFC. J. Electrochem. Soc. 2018, 165
(6), F3209−F3216.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.4c01820
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

J

https://doi.org/10.7567/JJAP.57.117101
https://doi.org/10.7567/JJAP.57.117101
https://doi.org/10.7567/JJAP.57.117101
https://doi.org/10.1016/j.electacta.2012.04.099
https://doi.org/10.1016/j.electacta.2012.04.099
https://doi.org/10.1016/j.electacta.2012.04.099
https://doi.org/10.1016/0167-2738(96)00084-7
https://doi.org/10.1016/0167-2738(96)00084-7
https://doi.org/10.1016/j.electacta.2009.05.049
https://doi.org/10.1016/j.electacta.2009.05.049
https://doi.org/10.1016/j.electacta.2009.05.049
https://doi.org/10.1021/acs.jpcb.9b04534?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.9b04534?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp5024718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp5024718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/membranes11090695
https://doi.org/10.3390/membranes11090695
https://doi.org/10.3390/membranes11090695
https://doi.org/10.2174/1389201017666151029105941
https://doi.org/10.2174/1389201017666151029105941
https://doi.org/10.2174/1389201017666151029105941
https://doi.org/10.1021/acs.analchem.0c04453?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c04453?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c04453?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jpowsour.2019.227665
https://doi.org/10.1016/j.jpowsour.2019.227665
https://doi.org/10.1016/j.memsci.2022.120329
https://doi.org/10.1016/j.memsci.2022.120329
https://doi.org/10.1016/j.memsci.2022.120329
https://doi.org/10.1016/j.jpowsour.2007.11.011
https://doi.org/10.1016/j.jpowsour.2007.11.011
https://doi.org/10.1016/j.jpowsour.2007.11.011
https://doi.org/10.1109/TTHZ.2021.3132800
https://doi.org/10.1109/TTHZ.2021.3132800
https://doi.org/10.1109/TTHZ.2021.3132800
https://doi.org/10.1039/c7ra04731b
https://doi.org/10.1039/c7ra04731b
https://doi.org/10.1039/c7ra04731b
https://doi.org/10.1063/1.2357412
https://doi.org/10.1063/1.2357412
https://doi.org/10.1063/1.2357412
https://doi.org/10.1007/s10762-011-9865-7
https://doi.org/10.1007/s10762-011-9865-7
https://doi.org/10.1109/2944.571775
https://doi.org/10.1109/2944.571775
https://doi.org/10.1109/2944.571775
https://doi.org/10.1364/JOSAA.18.001562
https://doi.org/10.1364/JOSAA.18.001562
https://doi.org/10.1109/JSTQE.2007.910981
https://doi.org/10.1109/JSTQE.2007.910981
https://doi.org/10.1007/s10762-014-0053-4
https://doi.org/10.1007/s10762-014-0053-4
https://doi.org/10.1364/OE.15.004335
https://doi.org/10.1364/OE.15.004335
https://doi.org/10.1109/TTHZ.2013.2278460
https://doi.org/10.1109/TTHZ.2013.2278460
https://doi.org/10.1016/j.optcom.2010.06.088
https://doi.org/10.1016/j.optcom.2010.06.088
https://doi.org/10.1016/j.optcom.2010.06.088
https://doi.org/10.1063/1.4896194
https://doi.org/10.1063/1.4896194
https://doi.org/10.1063/1.474242
https://doi.org/10.1063/1.474242
https://doi.org/10.1063/1.474242
https://doi.org/10.1063/1.5135644
https://doi.org/10.1063/1.5135644
https://doi.org/10.1063/1.5135644
https://doi.org/10.1016/j.molliq.2003.12.014
https://doi.org/10.1016/j.molliq.2003.12.014
https://doi.org/10.1016/j.molliq.2003.12.014
https://doi.org/10.1103/PhysRevLett.95.197802
https://doi.org/10.1103/PhysRevLett.95.197802
https://doi.org/10.1021/jp960141g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp960141g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp960141g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cplett.2008.09.015
https://doi.org/10.1016/j.cplett.2008.09.015
https://doi.org/10.1016/j.cplett.2008.09.015
https://doi.org/10.1016/j.memsci.2013.03.040
https://doi.org/10.1016/j.memsci.2013.03.040
https://doi.org/10.1016/j.memsci.2013.03.040
https://doi.org/10.1149/1.2056194
https://doi.org/10.1149/1.2056194
https://doi.org/10.1149/1.1855872
https://doi.org/10.1149/1.1855872
https://doi.org/10.1016/j.ssi.2008.12.035
https://doi.org/10.1016/j.ssi.2008.12.035
https://doi.org/10.1016/j.memsci.2010.03.025
https://doi.org/10.1016/j.memsci.2010.03.025
https://doi.org/10.1149/2.0231806jes
https://doi.org/10.1149/2.0231806jes
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.4c01820?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(82) Shi, S.; Weber, A. Z.; Kusoglu, A. Structure/Property
Relationship of Nafion XL Composite Membranes. J. Membr. Sci.
2016, 516, 123−134.
(83) Ensing, W.; Hunger, J.; Ottosson, N.; Bakker, H. J. On the

Orientational Mobility of Water Molecules in Proton and Sodium
Terminated Nafion Membranes. J. Phys. Chem. C 2013, 117 (25),
12930−12935.
(84) Ensing, W. Protons and Sodium Ions Interacting With Nafion

Confined Water. Master Thesis, Utrecht University, Utrecht, 2012.
(85) Maldonado, L.; Perrin, J. C.; Dillet, J.; Lottin, O. Character-

ization of Polymer Electrolyte Nafion Membranes: Influence of
Temperature, Heat Treatment and Drying Protocol on Sorption and
Transport Properties. J. Membr. Sci. 2012, 389, 43−56.
(86) Kusoglu, A.; Savagatrup, S.; Clark, K. T.; Weber, A. Z. Role of

Mechanical Factors in Controlling the Structure-Function Relation-
ship of PFSA Ionomers. Macromolecules 2012, 45 (18), 7467−7476.
(87) Wadsö, L.; Jannasch, P. Water Vapor Sorption Thermody-

namics of the Nafion Ionomer Membrane. J. Phys. Chem. B 2013, 117
(28), 8561−8570.
(88) Dai, Z.; Ansaloni, L.; Ryan, J. J.; Spontak, R. J.; Deng, L.

Nafion/IL Hybrid Membranes with Tuned Nanostructure for
Enhanced CO2 Separation: Effects of Ionic Liquid and Water
Vapor. Green Chem. 2018, 20 (6), 1391−1404.
(89) Volkov, V. I.; Chernyak, A. V.; Gnezdilov, O. I.; Skirda, V. D.

Hydration, Self-Diffusion and Ionic Conductivity of Li+, Na+ and Cs
+ Cations in Nafion Membrane Studied by NMR. Solid State Ionics
2021, 364, 115627.
(90) Trinh, N. V.; Nguyen, X. L.; Kim, Y.; Yu, S. Characteristics of

Water Transport of Membrane Electrolyte over Selected Temperature
for Proton Exchange Membrane Fuel Cell. Polymers 2022, 14 (15),
2972.
(91) Yu, L.; Lin, F.; Xu, L.; Xi, J. Structure-Property Relationship

Study of Nafion XL Membrane for High-Rate, Long-Lifespan, and
All-Climate Vanadium Flow Batteries. RSC Adv. 2017, 7 (50),
31164−31172.
(92) Fernihough, O.; Ismail, M. S.; El-Kharouf, A. Intermediate

Temperature PEFC’s with Nafion® 211 Membrane Electrolytes: An
Experimental and Numerical Study. Membranes 2022, 12 (4), 430.
(93) Sone, Y.; Ekdunge, P.; Simonsson, D. Proton Conductivity of

Nafion 117 as Measured by a Four-Electrode AC Impedance Method.
J. Electrochem. Soc. 1996, 143 (4), 1254−1259.
(94) Sigwadi, R.; Dhlamini, M. S.; Mokrani, T.; Nemavhola, F.;

Nonjola, P. F.; Msomi, P. F. The Proton Conductivity and
Mechanical Properties of Nafion®/ZrP Nanocomposite Membrane.
Heliyon 2019, 5 (8), No. e02240.
(95) Zhu, X.; Zhang, H.; Liang, Y.; Zhang, Y.; Luo, Q.; Bi, C.; Yi, B.

Challenging Reinforced Composite Polymer Electrolyte Membranes
Based on Disulfonated Poly(Arylene Ether Sulfone)-Impregnated
Expanded PTFE for Fuel Cell Applications. J. Mater. Chem. 2007, 17
(4), 386−397.
(96) Hoshina, H.; Iwasaki, Y.; Katahira, E.; Okamoto, M.; Otani, C.

Structure and Dynamics of Bound Water in Poly(Ethylene-Vinyl-
alcohol) Copolymers Studied by Terahertz Spectroscopy. Polymer
2018, 148, 49−60.
(97) Kaatze, U.; Uhlendorf, V. The Dielectric Properties of Water at

Microwave Frequencies. Z. Phys. Chem. 1981, 126 (2), 151−165.
(98) Hishida, M.; Kaneko, A.; Yamamura, Y.; Saito, K. Contrasting

Changes in Strongly and Weakly Bound Hydration Water of a Protein
upon Denaturation. J. Phys. Chem. B 2023, 127 (28), 6296−6305.
(99) Wakolo, S. W.; Tryk, D. A.; Nishiyama, H.; Miyatake, K.;

Iiyama, A.; Inukai, J. Various States of Water Species in an Anion
Exchange Membrane Characterized by Raman Spectroscopy under
Controlled Temperature and Humidity. Phys. Chem. Chem. Phys.
2024, 26 (3), 1658−1670.
(100) Wakolo, S. W.; Syouji, A.; Sakai, M.; Nishiyama, H.; Inukai, J.

Coherent Anti-Stokes Raman Scattering Spectroscopy System for
Observation of Water Molecules in Anion Exchange Membrane.
Spectrochim. Acta, Part A 2024, 309, 123875.

(101) Talik, P.; Hubicka, U. The DSC Approach to Study Non-
Freezing Water Contents of Hydrated Hydroxypropylcellulose
(HPC). J. Therm. Anal. Calorim. 2018, 132 (1), 445−451.
(102) Tolbin, A. Y.; Pushkarev, V. E.; Tomilova, L. G.; Zefirov, N. S.

Threshold Concentration in the Nonlinear Absorbance Law. Phys.
Chem. Chem. Phys. 2017, 19 (20), 12953−12958.
(103) Willson, T. R.; Giron Rodriguez, C. A.; Xu, Q.; Frow, J.;

Foglia, F.; Smith, K.; Ravikumar, R.; Vinothkannan, M.; Mahmoudi,
N.; Salam, I.; Periasamy, A. P.; Whelligan, D. K.; Mamlouk, M.; Lin,
H.; Seger, B.; Varcoe, J. R.; Rodriguez, G. Radiation-Grafted Anion-
Exchange Membranes for CO2 Electroreduction Cells: An Un-
expected Effect of Using a Lower Excess of N-Methylpiperidine in
Their Fabrication. J. Mater. Chem. A 2023, 11, 20724−20740.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.4c01820
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

K

https://doi.org/10.1016/j.memsci.2016.06.004
https://doi.org/10.1016/j.memsci.2016.06.004
https://doi.org/10.1021/jp312623p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp312623p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp312623p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.memsci.2011.10.014
https://doi.org/10.1016/j.memsci.2011.10.014
https://doi.org/10.1016/j.memsci.2011.10.014
https://doi.org/10.1016/j.memsci.2011.10.014
https://doi.org/10.1021/ma301419s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma301419s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma301419s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp3089319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp3089319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7GC03727A
https://doi.org/10.1039/C7GC03727A
https://doi.org/10.1039/C7GC03727A
https://doi.org/10.1016/j.ssi.2021.115627
https://doi.org/10.1016/j.ssi.2021.115627
https://doi.org/10.3390/polym14152972
https://doi.org/10.3390/polym14152972
https://doi.org/10.3390/polym14152972
https://doi.org/10.1039/c7ra04996j
https://doi.org/10.1039/c7ra04996j
https://doi.org/10.1039/c7ra04996j
https://doi.org/10.3390/membranes12040430
https://doi.org/10.3390/membranes12040430
https://doi.org/10.3390/membranes12040430
https://doi.org/10.1149/1.1836625
https://doi.org/10.1149/1.1836625
https://doi.org/10.1016/j.heliyon.2019.e02240
https://doi.org/10.1016/j.heliyon.2019.e02240
https://doi.org/10.1039/B611690F
https://doi.org/10.1039/B611690F
https://doi.org/10.1039/B611690F
https://doi.org/10.1016/j.polymer.2018.06.020
https://doi.org/10.1016/j.polymer.2018.06.020
https://doi.org/10.1524/zpch.1981.126.2.151
https://doi.org/10.1524/zpch.1981.126.2.151
https://doi.org/10.1021/acs.jpcb.3c02970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.3c02970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.3c02970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/d3cp03660j
https://doi.org/10.1039/d3cp03660j
https://doi.org/10.1039/d3cp03660j
https://doi.org/10.1016/j.saa.2024.123875
https://doi.org/10.1016/j.saa.2024.123875
https://doi.org/10.1007/s10973-017-6889-9
https://doi.org/10.1007/s10973-017-6889-9
https://doi.org/10.1007/s10973-017-6889-9
https://doi.org/10.1039/C7CP01514C
https://doi.org/10.1039/d3ta04915a
https://doi.org/10.1039/d3ta04915a
https://doi.org/10.1039/d3ta04915a
https://doi.org/10.1039/d3ta04915a
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.4c01820?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

