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In the present contribution we investigated the influence of the acid pretreatment procedure of Nafion®
117 membranes on the resulting ionic conductivity by using electrochemical impedance spectroscopy.
For this purpose, a setup allowing to measure the ionic conductivity at different temperatures, relative
humidities, and contact pressures was developed. The state of protonation was determined by the ionic
exchange capacity which is a measure of the amount of protonated sulfonic acid groups for the overall
ionic exchange ability of the Nafion® membrane. The state of hydration was determined by water uptake
and water vapor adsorption while structural observation was conducted by infrared spectroscopy. Ad-
ditional thermophysical characterization was performed using differential scanning calorimetry. It was
found that the pK, value and the concentration of the used acid for the pretreatment mainly influence
the ion exchange capacity, whereas the temperature during pretreatment mainly influences the water
uptake. The combination of high values for temperature, relative humidity and contact pressure leads to
enhanced ionic conductivity of Nafion® membranes with a maximum value of 85.2mS cm™"! for the
membrane pretreated with HCIL.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) and mem-
brane electrolyzers have become very promising technologies for
energy conversion and storage as well as energy-efficient synth-
esis of important chemicals such as chlorine [1,2]. The perfor-
mance of a PEMFC/electrolyzer substantially depends on the water
management which is controlled by humidification of the mem-
brane [3]. The ionic conductivity of the most frequently used Na-
fion™ membrane [4-7] is determined by temperature and water
content, i.e. the ratio of water and sulfonic acid groups. Further-
more, the applied pretreatment procedure strongly influences the
water content [8] and hence the resulting ionic conductivity of the
membrane. During pretreatment, the type of proton-donating
acid, the acid concentration as well as the applied temperature
governs the ionic conductivity.

Nafion® consists of a perfluorinated backbone (PTFE) with
perfluorovinyl ether side chains terminated with sulfonic acid
groups (-SOsH). The transport of ions in this material is described
with the network-cluster model by Gierke et al. [9,10] according to
which the membrane is a mixture of two phases with hydrophobic
(PTFE) and hydrophilic (-SO3H) domains. The hydrophilic domains
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are clusters established within the hydrated membrane containing
the sulfonic acid groups, water and protons. These clusters expand
with increasing water content and are connected by channels to
assure the proton conductivity. The charge transport in the
membrane is described by a proton-hopping (Grotthuss) and/or a
vehicle mechanism [11,12]. The Grotthuss mechanism describes
the transport of the charge at low water contents with hydronium
(H30%) ions being formed by one hydrated sulfonic acid group
followed by charge transfer to the next sulfonic acid group. The
vehicle mechanism in contrast describes the transport of the hy-
dronium ions through diffusion caused by electroosmotic drag
with the formation of Zundel (HsO,*) and Eigen (HgO4 ") ions. The
temperature dependency of the conductivity can be described by
an Arrhenius approach. A further proton conducting mechanism
was reported by di Noto et al. and Giffin et al. [13,14]| which de-
scribes the conduction of protons between clusters in embedded
“delocalized bodies (DB)”. The charge (H*) is considered to be
delocalized in DB which represents a volume of bulk membrane
consisting of both the hydrophobic and hydrophilic domains.
Within the DB the proton exchange is fast whereas the proton
transfer between two DBs is slower representing the rate-de-
termining step. Furthermore, the proton conduction is facilitated
by the polymer backbone dynamics which is the PTFE backbone in
the case of Nafion®. Giffin et al. [14] correlate the additional
contribution of the polymer dynamics with a Vogel-Tamman-
Furcher behavior (VTF) which takes the viscosity of the polymer
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also into account. In constrast to the log-linear temperature de-
pendency described by Arrhenius, the VTF approach is non-linear
which results in different activiation energies. The water uptake of
the membrane varies depending on whether the membrane is
exposed to liquid or to vaporous water. This is described by the
well-known Schroeder’s paradox [15,16] depicting the alteration
in swelling behavior of gelatin facing either liquid or vaporous
water. Several research groups have investigated the influence of
water vapor and liquid water on the overall water content of Na-
fion®™ membranes [17-24]. Transport parameters such as the dif-
fusion coefficient of water through Nafion®™ and the proton con-
ductivity as a function of the water content are the most inter-
esting data resulting from these considerations. Electrochemical
impedance spectroscopy (EIS) became in this context the most
promising technique to measure the proton conductivity. Another
technique used by di Noto et al. and Giffin et al. [13,14,25] is the
so-called broadband electric spectroscopy (BES) which enables to
differentiate between bulk and interfacial conductivity of polymer
membranes and polymer membranes incorporating anorganic
fillers. Zawodzinski et al. investigated the water uptake of Nafion®™
membrane at different operational parameters like temperature
and relative humidity [17,26]. These authors were able to show
that the pretreatment procedure is decisive for the resulting water
uptake capacity. Many research groups apply hydrogen peroxide in
order to remove organic impurities. Furthermore, several scaven-
ging processes with deionized water are applied during the pre-
treatment procedure. The most important step is the protonation
with an acid. Table 1 summarizes the applied pretreatment pro-
cedures described in literature. The pretreatment procedures differ
with respect to duration, temperature, type of acid, and acid
concentration.

To the best of our knowledge there is no systematic study of the
influence of the acid pretreatment on the resulting ionic con-
ductivity of Nafion® membranes. Therefore, we investigated in
this contribution the influence of acid type and concentration as
key pretreatment parameters for the resulting ionic conductivity
of Nafion®. Furthermore, operational parameters like relative
humidity, temperature and contact pressure were systematically
varied. For this purpose an experimental setup allowing the de-
termination of the ionic conductivity by EIS at relative humidities
ranging from 20 to 100%rH, temperatures between 20 and 80 °C
and contact pressures up to 1000 kPa was designed. Additional
characterization was carried out by differential scanning calori-
metry. The state of hydration was determined by water uptake and
water vapor adsorption while structural observation was per-
formed by infrared spectroscopy. Furthermore, the ion-exchange
capacity was measured to estimate the amount of protonated
sulfonic acid groups in the Nafion® membrane.

Table 1
Pretreatment procedures for Nafion®™ membranes.

Acid  Concentration Temperature Time Ref.
H,S0, 05M 20 °C, 70-80 °C, 20 min, 60 min, [17,27-32]
100 °C 48 h

H,S0, 1.0M 100 °C 45 min,60 min [33-37]
HNO3; — 100 °C - [21]
HNO3; 70% 100 °C 5h [38]
HNO; Conc. 100 °C — [39]
HNO; 2M 100 °C 2h [40]
HNO; 01 M 100 °C 1h [41]
HCl 2M 20°C, 100 °C 30min,3 h [42,43]
H3PO, 85% 150 °C 12h [44]

2. Experimental and methods
2.1. Pretreatment of Nafion™ membranes

Nafion® 117 membranes in the H* form as delivered by Du-
Pont were cut into six circular pieces with a diameter of 50 mm
before pretreatment. For each pretreatment step, six membranes
were immersed in 0.5 L stirred liquid. The pretreatment procedure
which is summarized in Table 2 consisted of a first step in deio-
nized water, followed by a purification step with hydrogen per-
oxide. Subsequently, three washing steps in deionized water, the
acid treatment and afterwards three additional washing steps in
deionized water were applied. The temperature during all steps
was set to 80 °C while the duration of each step was one hour.
Between the steps the membrane was rinsed with deionized wa-
ter. For all acids (HNOs, HCl, H,SO4, H3PO4), 0.1 M and 1 M solu-
tions were applied. The acids were chosen with respect to the
amount of protons and their dissociation behavior. All other
parameters of the procedure were kept constant. After pretreat-
ment the membranes were stored in deionized water at room
temperature. For comparison the untreated membrane was also
investigated.

2.2. Characterization techniques

Differential scanning calorimetry (DSC 820, Mettler-Toledo)
measurements were used to determine endothermic or exother-
mic effects during thermal treatment. The probes were heated
from 25 °C to 200 °C with a heating rate of 10 K min~! under ni-
trogen atmosphere (50 mL min~'). To investigate changes in the
chemical structure and in particular to sulfonic acid groups,
Fourier transformed infrared spectra (FT-IR) were recorded with a
stepscan FT-IR spectrometer (Portmann Instruments AG) from
4000 to 500 cm~ .

The ion exchange capacity (IEC) is expressed as the ratio of
moles of sulfonic acid groups per gram of dried membrane (1m,,,,)
in meq g~ . One piece (ca. 150 mg) of the respective pretreated
membrane was stored for 48 h in 50 mL 0.1 mol L~! NaCl solution
(Vnacr) to exchange protons with sodium ions. Afterwards 10 mL of
the solution ( Vyue prope) Were titrated with 0.001 mol L~' NaOH
solution ( Vy,ou prober Cnaonr) UNtil neutralization, controlled with a
pH probe (pH electrode, WinLab™). The IEC is calculated using
Eq. (1) with F being the titer factor of the NaOH solution.

IEC(mqu_])—(V;HOH'pmbe)-c Ve p
Myrope NaoH VNaCI.probe [@))

The water uptake (WU) of the membranes was determined by
two techniques. First, the uptake of liquid water was investigated.
For this purpose, the samples were equilibrated for 48 h at dif-
ferent temperatures (25, 40, 60, 90 °C) in deionized water (one
membrane with ca. 650 mg in 200 mL water). Then the excess
water on the surface of the samples was removed with a paper
tissue and the membranes were weighted (m,,,). Afterwards, the
membranes were dried in a furnance at 90 °C until constant
weight (mg,,,) was achieved. The water uptake was then calculated

Table 2
Pretreatment procedure for Nafion™ 117 membranes.

Time Concentration Reagent Temperature
60 min Deionized H,0 80 °C
60 min 3wtk H,0, 80 °C
3 x 60 min Deionized H,0 80 °C
60 min Tor01M Acid 80 °C
3 x 60 min Deionized H,0 80 °C
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using Eq. (2) [45].
et = Mary 100 %
Mary )

WU =

Second, the water uptake was determined using a sorption
system (ASAP 2020, Micromeritics) with water vapor as sorption
gas. The samples were in a first step degassed to remove surface
impurities (evacuation at 26.7Pa and heating to 80°C for
120 min). Afterwards, the relative pressure of water vapor was
increased isothermally from 0 to 1 at 10 °C and the amount of
adsorbed water vapor was measured.

2.3. Experimental setup

The experimental setup was inspired by the design of di Noto
et al. [46] allowing individual variation of operating parameters
such as temperature (20-80 °C), relative humidity (20-100%rH),
contact pressure (0-1000 kPa) during measurement of the ionic
conductivity of Nafion® using EIS. The measurement cell consisted
of a double jacket cylinder made of stainless steel. The cell tem-
perature was controlled by a thermostat (Ecoline E200, Lauda)
allowing for adjustment in the range of 25-80 °C. The complete
setup of the cell is depicted in Fig. 1. Temperature sensor, humidity
sensor, load cell (LCMFD-2KN, Newport Electronics) as well as inlet
and outlet for the humidified gas are integrated by Swagelok
connectors at the top of the apparatus. A combined sensor
(DKRF410-XXS, Driesen+Kern) was used for temperature and
humidity measurement. The membrane was clamped between
two circular frames made of stainless steel with an inner diameter
of 30 mm. Matching PTFE foils were used as insulators. Two 5 mm
thick electrodes made of platinated (via CVD coating from Doduco)
CrNi-steel sinter metal (SIKA-R10, GKN Sinter Metals Filters) with
a diameter of 28.5 mm were used for conductivity measurements.
The porous sinter metal electrodes (pore radius approximately
20 um) are permeable for the humidified gas. Therefore, an equi-
libration of the membrane under the adjusted measurement
conditions was achieved. The force on the electrodes was adjusted
by opposed running threads which are connected by bevel gears.
These are regulated by a handle on top of the measurement cell.
The contact pressure was then calculated by taking into account
the applied force and the electrode area.

The measurement cell was integrated into a plant (Fig. 2)
consisting of humidifier unit, potentiostat (Reference 3000, Gamry

Fig. 1. Measurement cell (1 membrane clamped into frames; 2 top; 3 load cell;
4 sinter metal electrodes; 5 handle to adjust contact pressure).

Instruments), and an electrical measurement, regulation and
control (EMR) unit. The humidifier unit consisted of a double
jacket glass cylinder filled with ca. 1000 mL deionized water. The
humidifier was heated through the jacket by a thermostat (CC-K6,
Huber) equipped with an external temperature sensor (HSRTD-3-
100-A, Omega) inside the wash bottle. The outlet of the humidifier
was linked via a heat exchanger to the measurement cell to pre-
vent condensation of water. Furthermore, the heat exchanger was
connected to the same thermostat of the cell. The relative hu-
midity was adjusted through the temperature differences between
humidifier and cell. Oxygen was used as carrier gas passing the
humidifier. The flow rate was adjusted with a needle valve at
200 mL min~' and monitored with a flow meter (Uniflux, VAF
Fluidtechnik).

The EMR unit consisted of temperature, humidity, and load cell
sensors which were connected via an analog input module
(NI9215, National Instruments) and a computer. The measurement
values were recorded via LabVIEW (National Instruments).

The measurement sequence consisted of several steps. First, the
membrane was clamped between the stainless steel frames and
dried overnight in a furnace at the temperature which was after-
wards applied in the measurement cell. Second, initial conditions
in the measurement cell were established by dehumidification
with silica gel (ca. 6%rH). Afterwards, the dried membrane was
mounted in the cell and the operating conditions (humidity and
temperature) were adjusted. An impedance spectrum was re-
corded until equilibrium of the measurement conditions was
achieved (after ca. 2-3 h). Additional impedance spectra were ta-
ken every 30 min until the resistance of the membrane was con-
stant. After reaching equilibrium, impedance spectra were taken at
different contact pressures, which were increased from 100 kPa to
1000 kPa in steps of 100 kPa and decreased in the reverse order.
Measurements were conducted at humidities of 25, 40, 60, 80, and
100%rH as well as temperatures of 25, 40, 60, and 80 °C.

2.4. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was used to
determine the impedance of the membrane and hence to calculate
the ionic conductivity of the membrane. As test sequence the
HybridEIS script (Gamry Framework, Gamry instruments) with the
following configuration was used:

1. DC current=0 A

2. amplitude=5 mV

3. frequence range= 100 Hz — 1 MHz; 10 points per decade
4. electrode area=6.379 cm?.

The internal resistance of the measurement cell R.; was ob-
tained at each contact pressure value.

The analysis of the EIS spectra was carried out with the Echem
Analyst software (Gamry Instruments) using the simplex method.
The spectra were fitted with an equivalent circuit diagram devel-
oped for fuel cells by Lvovich (Fig. 3) [47]. It consists of four parts
which represent the two sinter metal electrodes, the cable con-
nections and the membrane. Each electrode can be described with
a constant phase element (CPE;, CPE;,) connected in parallel with
an ohmic resistance (Rg;, Rg,)- The cable connections are described
with an inductor (I;) and cell resistances with an ohmic resistance
(Ry) connected in series. To determine the pure membrane re-
sistance ( R,,,;) the measured cell resistance (R.,;) is subtracted
fromRy,.

To calculate the conductivity ( 6,,,) of the membrane Eq. (3)
was used with ay,, being the membrane area of 6.379 cm? and
dem the thickness of the membrane:
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The thickness of the membrane has a great impact on the
conductivity. As reported by Weber et al. the thickness of Nafion®
117 varies with the water content ( 4) in a range from 178 to
224 um (26%) [48,49]. Therefore, the reported membrane model
(see Appendix) from Weber et al. was used to calculate the
membrane thickness for all investigated humidity and tempera-
ture combinations.

3. Results and discussion
3.1. Characterization of membranes

3.1.1. Ionic exchange capacity
In Fig. 4 the IEC of the differently pretreated membranes is

B HSsOo,

10 1 M HCl A

M HNO,

© M H,PO,

~ 04 - untreated _
O
w
k)
()

£ -10 -
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Fig. 4. lon-exchange capacity for different pretreated membranes
change to untreated membrane (0% £ 0.705mm01503Hg,g;ﬁ0n).

as relative

depicted relative to the value of the untreated membrane
(0.705 mmolso3Hg,;a1ﬁon) for two different acid concentrations (0.1 M
and 1 M). Pretreatment with the diluted acid (0.1 M, left columns)
results in an enhanced IEC for sulfuric (+2%) and hydrochloric acid
(+12%). In contrast, treatment with nitric (—21%) and phosphoric
acid (—25%) deteriorates the IEC of Nafion®™ significantly.

Increasing the acid concentration from 0.1 M to 1M (right
columns) results in a decline of the IEC, except for 1 M H3PO4. For
example, the IEC of the membrane pretreated with 1 M sulfuric
acid (-5%) decreases by 7% in comparison to the membrane pre-
treated with 0.1 M H,SO4. Only treatment with 1M HCI has a
positive effect on the IEC (+6%) in comparison to the untreated
membrane. On the other hand, the IEC of the membrane pre-
treated with 1 M phosphoric acid (—12%) shows an improvement
of 13% in comparison to 0.1 M H3PO,.

The pK, values (Table 3) show that HCl is a stronger acid than
the sulfonic acid in Nafion®, hence a complete protonation is
possible. On the other hand, the pK, values of H,SO4 and the
sulfonic acid in Nafion® are similar, thus the influence of acid
pretreatment is rather weak. For acids with a lower pK, value than
the sulfonic acid group such as HNOs; and HsPO,, the protonation
is incomplete, hence leading to a lower IEC compared to the un-
treated membrane.

3.1.2. Water uptake

The results of the liquid water uptake (WU) are depicted in
Fig. 53, and b for the chosen acids and acid concentrations. The
membranes pretreated with 0.1 M acids (Fig. 5a) exhibit relatively
similar values for the WU at 25 and 60 °C. However, a significant
increase of WU is observable at a measurement temperature of
90 °C. In contrast, the untreated membrane exhibits a linear in-
crease of the WU at rising temperature reaching the same WU as
the pretreated membranes (41.5%) at 90 °C. In Fig. 5b the WU of
the membranes pretreated with 1M acids is depicted. Similar

Table 3
pK, values and degrees of dissociation « of H,SO4, H3PO,4 HNOs, HCI [50] and
Nafion®™ (R-SO3H) [51].

pK, values  Degree of dissociation a

01M 1M

H,S0, + Hy0 — HSOZ + H30* -3.00 1 0.999
HSOZ + Hy,0 — SO3™ + H;0* 1.96 0.281 0.099
HyPO, + H,0 — HyPO7 + HyO* 2.16 0.231 0.080
H,PO3 + H,0 — HPO3™ + H30* 7.21 0.785.107>  0.248.1073
HPO3~ + Hy0 — PO}~ + H;0" 12.32 021910  0.692.1076
HNOj; + Hy0 — NO3 + H;0* -137 0.996 0.961
HCl+H,0 — CI” + Hy0" -7.00 1 1

R — SO3H+H,0 — R — SO3 + H0t  —3.09 1 0.999
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Fig. 5. Water uptake for membranes pretreated with different acids and acid concentrations (a) with 0.1 M acids, (b) with 1.0 M acids.

trends as for the WU at 0.1 M are observable, although the abso-
lute values are slightly higher.

Since the membranes were all pretreated at a temperature of
80 °C, the influence of the pretreatment is no longer visible at
higher measurement temperature (90 °C). Here, the WU increases
significantly (41.5%) independent of the chosen acid or con-
centration. Therefore, we assume that the WU is merely a thermal
effect above the pretreatment temperature. This is confirmed by
the increasing WU of the untreated membrane, which was not
exposed to thermal treatment before the WU measurements. It is
well known from literature, that thermal treatment of the ionic
clusters and channels in the Nafion® membrane results in an in-
crease of volume available for WU [17,26,48,52]. Thus, all mem-
branes pretreated at 80 °C maintain the expansion of channels and
clusters although they were stored at room temperature before
WU measurements, i.e. they exhibit the well known memory effect
[39]. The thermal history of the Nafion® membranes could be
erased by hydration at high temperature and high pressure in an
autoclave as described by di Noto et al. [13,53,54]. This procedure
leads to membranes with reproducible properties, which are de-
termined by temperature and humidity during the autoclaving
step. Since the present paper focuses on the different acidic pre-
treatments, this additional step was not implemented in order to
make differences of the membrane properties visible.

3.1.3. Water vapor adsorption

In addition to liquid water uptake, adsorption of water vapor is
important during fuel cell operation since the educt gases are
usually humidified. Therefore, adsorption isotherms with vapor
water as adsorbant give quantitative information about the
amount of adsorbed water at varying relative pressures. This can
be regarded as equivalent to the relative humidity in the mem-
brane. Furthermore, the A value [mmolH20g§(1)3H] can be estimated
by taking into account the adsorbed water vapor amount, the IEC
and the density of water at 10 °C as described by Eq. (4) [45]:

_ mads'szo
MHZO'IECacid 4)
The adsorption isotherms for the membranes pretreated with
1 M H,SO4 and 1 M HClI are depicted in Fig. 6 in comparison to the

untreated membrane. It can be seen that the membrane pre-
treated with 1 M H,SO,4 exhibits the highest A of 14.4 at a relative

15 - T
-e-H,S0,
<~ HCl

1 -v- untreated

0 - T . T . T . r

0.0 0.2 0.4 0.6 0.8 1.0
P/ Py

Fig. 6. Calculated 2 values from water-vapor sorption isotherms conducted at 10 °C
for membranes pretreated with different 1 M acids.

pressure of 1 (HCl: A=13, untreated: A=12.3). This is in good
agreement with data reported by Weber et al. [48]. The smallest
value and hence the smallest water vapor uptake per SO3 -mole-
cule in Nafion® is observed for the untreated membrane. These
results are in good accordance with the WU measurements (cf.
Fig. 5b), where a WU of 38.3% for 1 M H,SQy4, 34% for 1 M HCl, and
24.7% for the untreated membrane were determined at 25 °C.

3.1.4. Differential-scanning calorimetry

The DSC curves depicted in Fig. 7a reveal an endothermic peak
between 50 and 160 °C which can be attributed to the removal and
evaporation of adsorbed water [55]. This peak is no longer visible
in the second heating curve (not shown here). By integration of
the peak area one obtains the evaporation enthalphy which in-
dicates the state of hydration of the membrane [56]. Another ex-
planation for the endothermic peak in this temperature range was
given by Di Noto et al. and Page et al. who assigned the peak to a
melting of small and imperfect fluorocarbon nanocrytalline do-
mains of Nafion [13,54,57]. These nanocrystalline domains arise
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Fig. 7. DSC measurement spectra for membranes pretreated with different acids, (a) for different 1 M acids, (b) for different sulfuric acid concentrations.

due to the presence of the hydrogen-bonding interactions be-
tween the acid groups in the polar domains, which reduce the size
of the ordered microdomains of the polymer matrix [13,58,59].
The resulting values are summarized in Table 4. For pretreat-
ment with 1 M H,SO,4 the highest value is observed while 1 M HCI
results in an enthalpy that is by a factor of 4 smaller. Obviously, the
evaporation enthalphy from DSC measurements match well with
the liquid water uptake results. The influence of the acid con-
centration which is depicted exemplarily for membranes pre-
treated with H,SO4 in Fig. 7b is also in good agreement with the
liquid water uptake measurements, where the membrane pre-
treated with 1 M H,SO4 exhibited a higher WU than the mem-
brane pretreated with 0.1 M H,SO,4. Di Noto et al. [13] reported a
very similar peak temperature of 104 °C for a 1 M H,SO,4 pre-
treated Nafion® membrane, although different heating rates have
been used (di Noto et al.: 3 Kmin~", this paper: 10 K min—1).

3.1.5. FT-infrared spectroscopy of pretreated Nafion®™ membranes
The FT-IR spectra depicted in Fig. 8 reveal structural informa-
tion about Nafion® pretreated with different acids and acid con-
centrations. Acording to Negro et al. [60] the FT-IR-spectra vary
significantly dependent on the hydration state of the Nafion®
membrane. In these measurements, dry Nafion® membranes did
not exhibit a peak at wavelengths higher 3000 cm~"' and at ca.
1700 cm~ . In this contribution, the FT-IR spectra of all mem-
branes were taken in a wet (1=22) condition which can be con-
firmed since peaks at ca. 1700 cm~' and higher 3000 cm~! (not
shown here) are visible. The measured spectra are in good
agreement with the work of Laporta et al. [61]. The FT-IR spectra
will be described in the following starting at small wavelengths. As
already shown by Laporta et al. [61] no absorption band is visible
in the range of 920-930 cm~! which would correspond to the S-O
stretching band of the protonated SOsH group. This band is only
visible if the membrane is entirely dehydrated in the absence of
even trace amounts of water. The absorption band at ca. 982 cm ™!
corresponds to the C-F stretching band of the perfluorinated
backbone in Nafion®. The absorption band at 1057 cm~! is asso-
ciated with the symmetric S-O stretching band while at
1304 cm~! the asymmetric strechting band of the deprotonated
SO3™ group appears. Furthermore two broad absorption bands at
1229 cm~ ! and 1156 cm~! are visible which correspond to sym-
metric and asymmetric C-F stretching, respectively. Due to their
width, parts of the SOs; band are overlapped. The membrane

Table 4
Maximal temperature at the endothermic peaks during DSC measurements and
calculated evaporation enthalphy.

Pretreatment Evaporation enthalphy/J g~ Temperature/°C
1M H,S04 528.7 103.8
1M HNO; 4134 96.8
0.1 M H,S04 347.7 87.3
1M H;PO4 3223 93.6
Untreated 182.6 92.8
1M HCl 137.7 96.0
——1MHSO,
501 0.1MH,S0, ]
S —— 1.0MHCl
] —— 1.0 M HNO,
£ 401 — 10M HJPOJ‘_
£ untreated
]
8 30
s
2
2201
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wavenumber / cm”
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Fig. 8. FT-IR spectra for Nafion™ pretreated with different acids.

pretreated with HNOs exhibits the lowest intensity in the ab-
sorption range of 1229-1156cm~! while the H,SO, treated
membrane, for both concentrations, has the highest intensity,
followed by HCl, H3PO4 and the untreated membrane, respectively.
The absorption band at 1420 cm~! in Fig. 8 is caused by the
combination of C-F-groups in amorphous polytetrafluorethylene.
Here, no significant influence of the pretreatment is detectable. At
1740 cm~! the shear vibration of the water molecules in the so-
called Zundel-ion HsO,™" [61] is visible. The intensities vary with
the pretreatment procedure. Hydronium ions HsO" cannot be
detected in this absorption range which would be expected at low
humidification of the membrane (at 1710 cm~!). As reported by
Leuchs et al. [62] the formation of Zundel ions only occurs if 4 > 2.
In the presence of water excess the intensity of the Zundel ion
band decreases due to a dilution effect. It can therefore be con-
cluded that the A-value is higher than 2 and that the formation of
Zundel ions is possible. The IR spectra show an influence of the
pretreatment procedure to the intensity of the deprotonated SO3”
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Fig. 9. Conductivity of 1 M H,SO,4 pretreated membranes, (a) at 80%rH and different

groups. In contrast, no influence to the intensities of the backbone
from the Nafion® membrane was observed.

3.2. Ionic conductivity

In Fig. 9 the results of the conductivity measurements for the
membrane pretreated with 1 M H,SO,4 are depicted. Fig. 9a shows
the ionic conductivity vs. the contact pressure at different tem-
peratures for 80%rH. The maximal conductivity (27.1Scm™1!) is
achieved at a temperature of 80°C and a contact pressure of
1000 kPa. Furthermore, the conductivity at 1000 kPa and 80 °C is
five times higher than at 25 °C. It is obvious that a high contact
pressure is beneficial for a high conductivity. Moreover, a contact
pressure of 1000 kPa corresponds to a typical assembly pressure in
fuel cells and electrolyzers [63]. The activation energy can be es-
timated from the temperature dependency of the ionic con-
ductivity by applying an Arrhenius approach [17,24,64]. This ac-
tivation energy corresponds to the proton transport through Na-
fion™. At all considered relative humidities (Fig. 9b) and tem-
peratures, the activation energy is on average 20.73+
1.98 k] mol !, which is in good agreement with literature data
reported by Slade et al. [55]. Giffin et al. [14] estimated similar
activation energies in the range of 10-25 kJ mol ~!. However, these
data cannot be directly compared since the VTF approach was
used. The influence of water content on the activation energy is
considered as secondary effect in this temperature range (25-
80 °C) and can be hence neglected [65,66].

The activation energy for the proton-hopping Grotthuss me-
chanism is ca. 11 k] mol~! and thus below the activation energy
determined in our investigation [11,12]. The higher activation
energy can be attributed to the fact that the major part of the
proton conductivity is due to the vehicle mechanism rather than to
the proton-hopping mechanism at the considered temperatures
[12]. This interpretation is in good accordance with the structural
information obtained from the FI-IR spectra (Fig. 8).

In Fig. 9b the conductivity as a function of relative humidity
and contact pressure at a constant temperature of 80 °C is de-
picted. The conductivity increases with rising relative humidity.
For example, the conductivity at 80%rH and a contact pressure of
1000 kPa (27.1 mS cm™!) is nearly ten times higher than at 25%rH
(2.9 mS cm~ ). The rather low conductivity at 25%rH can be at-
tributed to the phenomenon described by Morris et al. [21]. These
authors stated that the swelling of Nafion® commences at a A
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temperatures (25, 40, 60, 80 °C), (b) at 80 °C and different humidities (25, 40, 60, 80%rH).

value of 1.9, being a threshold for the insulator-to-conductor
transition. As soon as this value is achieved, proton conductivity is
ensured since the sulfonic acid groups are hydrated and accord-
ingly the channels in Nafion® are formed [21]. Through applica-
tion of the mathematical model of Weber et al. [48] (cf. Appendix)
a A value at 80°C and 25%rH of approximately 2.1 is obtained.
Hence, the membrane starts to swell at these conditions and
subsequently channels for proton transport are barely formed
explaining the low initial conductivity.

In Fig. 10 the conductivity measurements for the membranes
pretreated with HNO3 (0.1 M and 1 M) at 40%rH and 80%rH at a
constant temperature of 60 °C are summarized. For comparison
the conductivity of the untreated membrane is also included. The
conductivities are very similar up to contact pressures of 400 kPa
as can be seen from Fig. 10a. Only at even higher contact pressure
the membrane pretreated with 1 M HNOs (5.48 mS cm~!) reaches
a 25% higher conductivity than the membrane pretreated with
0.1 M HNO3 (4.38 mS cm~!) and a 31.5% higher conductivity than
the untreated membrane (417 mScm~!) at 1000 kPa. Upon in-
creasing the humidity from 40%rH to 80%rH (Fig. 10b) the con-
ductivity of the membrane pretreated with 1 M HNO; increases
drastically by 160% to 14.2 mS cm ™. Moreover, the deviation be-
tween the membranes pretreated with 0.1 M HNO3 and 1 M HNO;
is substantially lower (12.7%) at 80%rH. In addition, the untreated
membrane exhibits a similar conductivity as the membrane pre-
treated with 1 M HNOs at 1000 kPa. In conclusion the pretreat-
ment of Nafion® membranes with 1 M HNOs only has a positive
effect on the conductivity at low relative humidity (40%rH).

In Fig. 11 the results of conductivity measurements for the
membranes pretreated with H3PO, are depicted. At low relative
humidities (Fig. 11a, 40%rH) a similar trend as for the membrane
pretreated with HNOs is found. Here, the conductivity of the
membrane pretreated with 1 M H3PO4 (5.9 mS cm~ 1) is by 57%
higher than after treatment with 0.1 M H5PO, (3.8 mScm™!) at
1000 kPa. Furthermore, the membrane pretreated with 1 M H5PO,4
exhibits a 42°% higher conductivity than the untreated membrane.
Upon increasing the relative humidity to 80%rH (Fig. 11b) an in-
crease of the conductivity of the membrane pretreated with 1 M
HsPO,4 by 140% to 14.3 S cm ! is measured at 1000 kPa. In contrast
the influence of the concentration at higher relative humidities is
negligible since the conductivities of the untreated membrane and
the membrane preatreated with H3PO, are comparable. Hence,
also the pretreatment with H3PO4 only yields a positive effect at
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Fig. 10. Conductivity for HNO5 (0.1 M and 1 M) pretreated membranes at 60 °C, (a) at 40%rH, (b) at 80%rH.

low relative humidities.

In Fig. 12 the results of the conductivity measurements for
different acids and acid concentrations at 60 °C, 1000 kPa and
different relative humidites (40, 80, 100%rH) are compared. The
conductivity of all membranes increases nonlinearly with rising
relative humidity which can be explained by the percolation the-
ory [67].

The conductivities o at a relative humidity of 40%rH are in most
cases higher than the conductivity of the untreated membrane.
Only for the membrane pretreated with 0.1 M HCl was a com-
parable value observed. The achievable increase in conductivity
after pretreatment is 21.4% (1 M H,SO,4) and 23.8% (1 M HCI). The
conductivity at 40%rH and 1000 kPa increases in the following
order:

o(01M HCl<untreated<1M H,SO4<01M H,SO4=1M
HNO; < 1 M H3PO, <1 M HCl)

At a higher relative humidity of 80%rH, the positive effect of the
pretreatment is significantly diminished. At these conditions, only
the membrane pretreated with 1 M H,SO,4 exhibits a conductivity
that is 6% higher than for the untreated membrane. The mem-
branes pretreated with the other acids (1 M HNO3 and 1 M H5POy,)

a
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either show the same conductivity or even lower values than the
untreated membrane.

Thus, the conductivity at 80%rH and 1000 kPa increases in the
following order:

o(01M HCl<1M HClI<01M H;SO4<1M HNO3=1M
H3PO4=untreated <1 M H,S0y4)

Significant changes occur if the relative humidity is further
increased form 80%rH to 100%rH. Here, all membranes exhibit
higher conductivities than the untreated membrane except for the
membrane pretreated with 1 M HNOs5 (-20.6%). While the mem-
branes pretreated with 1 M H,SO4 and 1 M Hs3PO,4 only show a
slight conductivity increase (4.3% and 5.7%, respectively), larger
improvements were achieved for membranes pretreated with
0.1 M H,SO04 (24.7%), 1 M HCl (22.8%) and 0.1 M HCl (34.2%). This
enhancement is remarkable since for these membranes the lowest
conductivity among all pretreated membranes was observed at
lower relative humidities. These results are in good accordance
with the ionic exchange capacities (cf. Fig. 4). Obviously, the ionic
conductivity strongly depends on the amount of protonated sul-
fonic groups in Nafion®. Therefore, the pK, value of the applied
acid during pretreatment is a key parameter for a high ionic

b
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Fig. 11. Conductivity for H3PO4 (0.1 M and 1 M) pretreated membranes at 60 °C, (a)at 40 %rH, (b) at 80%rH



R. Kuwertz et al. / Journal of Membrane Science 500 (2016) 225-235 233

M1 MH,SO,
10.1 M H,SO0,

M 1 M HCI
0.1 MHCI
M 1 M HNO,

M 1 M H,PO,
M untreated

80 A

conductivity / mS cm™
IS o
o o

N
o
Il

40 %rH

80 %rH
relative humidity / %rH

100 %rH

Fig. 12. Conductivity measurements for different pretreated membranes at 60 °C,
1000 kPa.

conductivity in the resulting pretreated membrane. Furthermore,
treatment with diluted acids (0.1 M) results only at 100%rH in an
improvement of conductivity. Hence, pretreatment with 0.1 M
H,S0,4 or with HCl (either 0.1 M or 1 M) is recommended in order
to achieve an optimal conductivity of membranes at high relative
humidities and temperatures employed for fuel cells or
electrolyzers.

4. Conclusion

In the present contribution the influence of acid pretreatment
of Nafion® membranes on the resulting IEC, WU and ionic con-
ductivity was systematically investigated. For this purpose, an
appropriate experimental setup was developed which allows the
measurement of the ionic conductivity under varying conditions
(relative humidity, temperature and contact pressure) with the aid
of electrochemical impedance spectroscopy. The pK, value and the
concentration of the used acid were identified as the major factors
influencing the ion exchange capacity. In addition, the tempera-
ture during the pretreatment procedure is decisive for the water
uptake. Here, the influence of the acid type or the acid con-
centration is of secondary importance. Overall, the combination of
high temperature, relative humidity and contact pressure is ben-
eficial for a resulting high ionic conductivity of Nafion®
membranes.
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Appendix.A

Table A.1

For determination of the membrane thickness as a function of
the relative humidity and temperature a mathematical model re-
ported by Weber et al. was used [48]. These authors suggest a

Table A1

Adjusted parameters for the che-
mical model of water uptake from
the vapor phase, taken from
Meyers and Newman [68].

Parameter Value

K 100
K 0.217
Eo — 41.7 gmol !

p _ -1
E&st 52.0 g mol

5 -1
E;3O+‘H+ — 3721.6 g mol

chemical model to describe the water transport in a vapor-equi-
librated Nafion® membrane. Therefore, the hydration of sulfonic
acid sites in the membrane clusters (1) was used to calculate water
uptake isotherms as a function of vapor activity. A modification of
the chemical model described by Meyers and Newman [68] was
used to express the electrochemical potentials for multi-
component transport in polymer electrolyte membranes (Eq. (A.1)
and Eq. (A.2)). Both equations need to be solved simultaneously.

AH:0*
K= 3 €XP (104 11.0+)*€XP (b, oA
1 Ao — gy P W01 €XP (D) A
ag = Kye(1 — Apiy0%)*€XP (§y2A py0+)*€XD (¢304) (A2)

The molar ratio of hydronium ions and sulfonic acid sites is
expressed by Ay,o+, EW is the equivalent weight of the membrane
(1100 g equiv~! for Nafion® 117), A;* describes the secondary re-
ference-state quantity for species i and E[‘; is an interaction para-
meter between species i and j (Eqs. (A.3)-(A.7)).

A *

K= 2
Ao oA+ (A3)
A+ o
K, = -H, o
2= g P CRr) A4)
-2 o(Ego—2E* =2E*, 1)
$= EW (Eoo Hy0tHY “F0H50* (A.5)
= i-(E* — EX )
¢2 " EW 0,H30™ 0,0 (A.6)
= 2Eg
2T W (A7)

The parameters given in Table A.1 were used by Weber et al.
[48] to fit the experimental data from Zawodzinski et al. [17]. The
temperature dependence was simplified assuming that all para-
meters are independent of the temperature except K,. Therefore,
an Arrhenius approach was applied (Eq. (A.8)).

1000 , 1 1
K5=0. 217-exp[ R (Tref T)] A8

An empirical correction of lis used (Eq. (A.9)) to take into ac-
count the influence of the higher binding energy at low 1, values.

= Age[1 + exp (0. 3-4¢)] (A.9)

With the above equations the water content of a Nafion®
membrane can be calculated taking into account water activity
and temperature. The 1 value varies from 0 to 14 for a vapor-
equilibrated membrane with decreasing 1 values at rising tem-
peratures. For determination of the membrane thickness as a
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function of 1 it is assumed that the membrane is able to swell
unrestrained. The volume (V) of a swelling membrane (Eq. (A.10))
can be obtained with the partial molar volume of the dry mem-
brane (V,,), 4 and the partial molar volume of water ().

V=",+ 2V, (A10)

The partial molar volume of the dry membrane (Eq. (A.11)) can
be calculated by the equivalent weight (EW) of the used Nafion®
membrane (1100 g equiv~!) and Pmo as the dry density of the
membrane (2 gcm~3) [21].

_EW
Pm.o (A11)

Vi

The partial molar volume of water (V) is the ratio of molar
mass of water (M) and temperature dependent density of water
(pg) as described by Eq. (A.12).

7= Mo
2 (A12)

Since the molar volumes and the 2 value are known, the change
of the thickness with water content of the swelling membrane can
be calculated (Eq. (A.13)). The prefactor of 0.36 in Eq. (A.13) results
from the anisotropic nature of Nafion®; in contrast an isotropic
membrane would swell with a factor of 0.29. The thickness of the
dry membrane (Iy) is 177.8 pm for Nafion® 117 and 1 is the average
value of 4 in the membrane which is assumed to be constant for a
vapor-equilibrated membrane at a certain water vapor activity and
temperature.

L%)
v, (A13)

I =Ip(1 + 0. 36

The thickness decreases with increasing temperature and in-
creases with increasing water vapor activity (Gwgeer). As a result,
the calculated thickness increases from 182.23 um for a,qer= 0.25
at 80 °C to 206.45 pm for ayqrer=1 at 25 °C.
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