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Abstract. Proton-conducting polymers, such as sulfonated poly(ether ether ketone) (SPEEK), are of great in-
dustrial interest. Such proton exchange membranes show high tendencies for water and water vapor uptake. The
incorporation of water not only leads to mass and dimensional changes, but also to changes in conductivity
by several orders of magnitude. Both properties highly impact the potential application of the materials and,
therefore, have to be known precisely. As hydration is diffusion controlled, thin films may behave differently
to bulk specimens. However, the determination of small mass changes occurring in thin-film samples is very
challenging.

In this work, a new measurement setup is presented to simultaneously characterize the mass change and the
conductivity of thin polymer films. The mass change is measured by resonant piezoelectric spectroscopy (RPS)
with a nanobalance, which is based on high-precision piezoelectric resonators operating in thickness-shear mode
(TSM). The mass resolution of this nanobalance is ±7.9 ng. Electrochemical impedance spectroscopy and an
interdigitated electrode array are used for conductivity measurements. The approach is validated by comparing
two SPEEK films with different degrees of sulfonation (DS). The relative humidity (RH) in the measurement
setup was changed stepwise within the range ∼ 2 %<RH<∼ 85 %. For both material compositions, DS= 0.5
and DS= 0.9, the mass uptake, the hydration number and the proton conductivity are presented and discussed
depending on RH.

This newly designed experimental setup allows for in situ characterization of the properties mentioned above;
it can monitor not only the data for the stationary state, but also the dynamics of the hydration. To the authors’
knowledge this is the first simultaneous and in situ measurement device for simultaneously sensing mass and
conductivity change due to hydration of polymeric thin-film materials.

1 Introduction

Ionomers are fascinating polymeric materials, in which elec-
trolytic groups, such as sulfonic acid (Alberti et al., 2001;
Jones and Roziere, 2001; Kreuer, 1997; Kreuer et al., 2004;
Li et al., 2003) or quaternary ammonium (Arges and Zhang,
2018; Bauer et al., 1990; Couture et al., 2011; Elattar et al.,
1998; Sun et al., 2018; Varcoe and Slade, 2005), are anchored
on the polymer chains and dissociated counter-ions can mi-

grate in hydrated nanometric channels inside the hydropho-
bic polymer matrix. The resulting ion-conducting materials
are very useful for many applications, including acid–base
or humidity sensors (Alberti and Casciola, 2001; Ruzimu-
radov et al., 2018), water purification (Bauer et al., 1990) or
separation membranes for electrochemical energy technolo-
gies, such as proton exchange membrane (PEM) (Alberti et
al., 2001; Mehta et al., 2003) or anion exchange membrane
(AEM) fuel cells (Sun et al., 2018; Varcoe et al., 2014). The
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proton conductivity of PEM can be tuned widely by the syn-
thesis approach, including hybrid organic–inorganic materi-
als (Di Vona et al., 2007, 2008a), polymer blends (Kerres,
2001; Maier and Meier-Haack, 2008), or composite solid
electrolytes (Alberti and Casciola, 2003; Di Vona et al.,
2008b).

Given the particular conduction mechanism of ionomers,
the hydration properties are particularly important (Alberti
et al., 2008; Kopitzke et al., 2000; Zawodzinski et al., 1993).
There exists a strong correlation between water uptake and
proton conductivity of proton exchange polymers (Di Vona
et al., 2008a; Kreuer et al., 2004; Zawodzinski et al., 1993).
This relation can be formalized by defining effective ion mo-
bility that can be linked with other phenomenological mem-
brane parameters, such as tortuosity or percolation thresholds
(Knauth et al., 2011, 2021; Knauth and Di Vona, 2012; Peck-
ham et al., 2008). However, the hydration and ion conduc-
tivity are generally measured ex situ and in separate experi-
mental setups, and it is not always evident how to reconcile
these properties. The hysteresis of water uptake and ion con-
ductivity during heating and cooling or dehydration and re-
hydration cycles (Alberti et al., 2008) or conductivity decay
processes (Casciola et al., 2006) are for example well-known
but not completely understood phenomena, related also to
the so-called Schröder paradox (Eikerling and Berg, 2011;
Freger, 2009; Kreuer, 2013). For these reasons, the design of
an experimental procedure allowing an in situ determination
of water uptake and conductivity of ionomers under identical
conditions is extremely worthwhile.

Nanogravimetry using temperature-stable piezoelectric
resonator materials is a powerful method for the determi-
nation of small mass changes at variable temperatures and
atmospheres. Thickness-shear mode (TSM) resonators based
on langasite (La3Ga5SiO14, LGS) (Fritze and Tuller, 2002;
Seh et al., 2007) can be used for the in situ analysis of thin
films in many fields, such as non-stoichiometry determina-
tion at high temperatures (Schröder et al., 2018), chemical
vapor deposition (Grate, 2000; Habuka and Tanaka, 2013),
aerosol mass detection (Czanderna and Lu, 1984), electro-
chemical deposition (Leppin et al., 2021), mass changes
in polymers (Marx, 2006) or humidity control (Pascal-
Delannoy et al., 2000). They measure very small mass
changes in a material deposited on the resonator by the shift
of the resonance frequency (Lucklum and Eichelbaum, 2006;
Johannsmann, 2015).

In this work, we design a new experiment for the in
situ determination of water uptake (WU) and proton con-
ductivity as a function of temperature and relative humid-
ity based on a temperature-controlled air-tight chamber con-
taining a mass-sensitive langasite resonator and a conduc-
tivity probe with interdigitated electrodes. To validate the
technique, we investigate a particularly well-known ionomer,
sulfonated poly(ether ether ketone) (SPEEK) (Bauer et al.,
2000; Di Vona et al., 2009; Kaliaguine et al., 2003; Xing et

Figure 1. Structural formula of SPEEK.

al., 2004; Zhong et al., 2007), prepared by drop coating in
thin-film form on the analysis platform.

The conductivity and WU data are obtained as a function
of temperature and relative humidity (RH) and discussed in
dependence on the polymer’s degree of sulfonation (DS).

2 Experimental

2.1 SPEEK preparation

Sulfonated poly(ether ether ketone) (SPEEK) is prepared by
reaction of PEEK polymer (Victrex) with concentrated sul-
furic acid at 50 ◦C. The reaction time determines the DS of
the final ionomer, which is defined as the number of sulfonic
acid groups per repeat unit of the polymer according to the
structural formula represented in Fig. 1.

The product is precipitated in ice water and thoroughly
washed to neutral pH in dialysis bags using ice-cold wa-
ter. The detailed procedures can be found in the references
(Kaliaguine et al., 2003; Di Vona et al., 2009).

In this work, two SPEEK samples with a DS of 0.9 or
0.5 are used. The DS is measured by acid–base titration and
NMR spectroscopy (Kaliaguine et al., 2003). These DS val-
ues correspond to ion exchange capacity (IEC) values of 2.5
and 1.5 meq g−1, respectively. The pure SPEEK powders are
dissolved in dimethylsulfoxide (DMSO) to obtain a solution
with sufficient viscosity that can be drop-coated on the lan-
gasite resonator and the conductivity probe (Figs. 2 and 3).
The polymer thin films are dried at 80 ◦C during 12 h; they
have a typical thickness of a few micrometers.

Film and electrode (see below) dimensions are character-
ized by tactile surface profilometry (Ambios XP-2, USA).
The substrate thickness is measured by an inductive preci-
sion indicator (Mahr Extramess 2001, Germany).

2.2 Nanobalance

Y-cut LGS TSM resonators are chosen as a nanobalance
since their resonance frequency shows a very low temper-
ature dependence near room temperature of a few Hz K−1

only. Single crystalline 5 MHz LGS resonator blanks (SIC-
CAS, P.R. China, diameter 10 mm, thickness ∼ 270 µm) are
coated on both sides with keyhole-shaped Pt0.8Rh0.2 elec-
trodes (diameter 5 mm, thickness∼ 200 nm) to enable piezo-
electric excitation of the resonators (Fig. 2). The electrodes
are applied by pulsed laser deposition using a KrF excimer
laser (Lambda Physics CompEX 205, Germany) operating
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Figure 2. Scheme of the langasite resonator with electrodes and
SPEEK films for hydration measurements. Note that the SPEEK
film masses are detected with the nanobalance as well. See Sect. 3.2
for details.

Figure 3. Scheme of the prepared sapphire crystal for proton con-
ductivity measurements.

at a wavelength of 248 nm. Deposition parameters include a
base pressure of 1× 10−6 bar, a pulse energy of 350 mJ and
a pulse repetition rate of 30 Hz.

The SPEEK films are applied to both electrodes by drop
coating and cover them largely. The average film thick-
nesses are 1.5 µm for DS= 0.9 and 7.2 µm for DS= 0.5. The
nanobalance is coated on both sides to avoid bending stresses
which might impact the resonance frequency. Furthermore,
film surface area and sample mass are increased by a factor
of 2 and, thus, the expected signal as well.

Figure 4. Scheme of the experimental setup.

2.3 Conductivity probe

High-ohmic single-crystalline sapphire substrates (SITUS
Technicals GmbH, Germany) with 10 mm in diameter and
about 360 µm in thickness (Fig. 3) are contacted with inter-
digitated Pt electrodes applied by mesh printing (platinum
paste no. 64120410, Ferro Corp., USA; mesh size 400 µm).
The resulting electrodes show a thickness of (2.4± 0.2) µm.
Finger and gap widths are approximately 500 and 250 µm, re-
spectively. The length of the fingers is approximately 5 mm.
This results in an effective length L of the conductive area
of approximately 30 mm. The entire interdigitated structure
is drop-coated with SPEEK films of about 1.2 µm (range
0.8–1.7 µm for DS= 0.5) and 1.1 µm (range 0.8–1.4 µm for
DS= 0.9).

3 Description of the in situ hydration measurement
device

3.1 Sample chamber and control of humidity

A scheme of the experimental setup used for the in situ con-
ductivity and hydration measurements is shown in Fig. 4. The
sample holder is placed in an air-tight quartz glass tube to en-
able humidity control. Nanobalance and conductivity probe
are installed in an insulating quartz glass sample holder man-
ufactured by ultrasonic milling (dama USF400, Switzerland).
In order to realize identical thermal and atmospheric condi-
tions, both samples are installed at the same height and at a
close lateral distance of 5 mm. The whole setup is inserted in
a vertical tube furnace (Gero RO 50-250/13, Germany). To
minimize temperature fluctuations during the measurement,
the sample temperature is kept at (29.9± 0.6) ◦C, which is
slightly above room temperature: (25.2± 2.7) ◦C. The sam-
ple temperature is monitored by a thermocouple type S at a
close distance of less than 5 mm below the samples, which is
connected to a digital voltmeter (Keithley DVM 2700, USA).
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The Pt100 at the base of the sample holder is used to monitor
the sensor temperature.

The hydration experiments are performed at a RH from
∼ 2 % to ∼ 85 %. The RH is controlled by water vapor satu-
ration of air at various temperatures. Ambient air with a con-
stant gas flow of 100 cm3 min−1 is pumped into a set of im-
pingers. The first one is filled with deionized water to saturate
the gas passing through. The second one is empty to prevent
water from getting sucked into the measurement setup. Both
impingers are placed into a refrigerated/heating bath (Julabo
F40-MV, Germany). The water vapor saturated gas flows top
down through the sample holder with the samples placed in
the direct gas stream for maximized interaction. A humid-
ity sensor (Galltec Type KZC2.H/6, Germany) is integrated
in the gas outflow and connected to the digital voltmeter as
well.

As the sample and sensor temperature differ slightly by up
to a few Kelvin, the measured humidity is corrected with the
Magnus relation (Abbott and Tabony, 1985; Alduchov and
Eskridge, 1996). Here, the saturation water pressures at sen-
sor psensor

sat and sample psample
sat are calculated and their quo-

tient is used to correct the humidity sensor data. The general
Magnus equation is given by (Magnus, 1844)

psat = c e
a T
b+T , (1)

with T the temperature given in degrees Celsius and a, b and
c coefficients. For this work, the values for these coefficients
are taken (Sonntag, 1990), describing the case of small tem-
perature differences near room temperature:

a = 17.62;b = 243.12 ◦C;c = 611.2Pa. (2)

The relative humidity at the sample RHsample is thus cal-
culated from RHsensor by

RH= RHsample =
psensor

sat

p
sample
sat

RHsensor = kRHsensor. (3)

The correction factor k is the relation between saturation va-
por pressure at sensor and sample. It simplifies to

k = e
17.62

(
Tsensor

243.12 ◦C+ Tsensor
−

Tsample
243.12 ◦C+ Tsample

)
. (4)

Sensor and sample temperatures Tsensor and Tsample are taken
from the measurements with the thermocouples directly. In
the following the saturated water pressure at the sample po-
sition is given after correction of the measured humidity.

3.2 Nanobalance hydration measurements

The mass change in the SPEEK films is monitored by track-
ing the resonance frequency of the nanobalance. The latter
is done by resonant piezoelectric spectroscopy (RPS), de-
scribed in detail in the reference (Fritze, 2010). Impedance

spectra in the vicinity of the resonance frequency are
recorded and used to extract the series resonance frequency.
The change in resonance frequency is converted to mass
changes according to the Sauerbrey relation (Sauerbrey,
1959; Lucklum and Eichelbaum, 2006; Fritze, 2010; Jo-
hannsmann, 2015):

1mRH =−Aeff
1fR

Sm
. (5)

Here, 1mRH and 1fR are the SPEEK mass change and the
detected change in resonance frequency, respectively, due to
the incorporation or release of water. Sm is the mass sensi-
tivity of the nanobalance. It is defined via the resonance fre-
quency of the unloaded resonator f 0

R , its thickness dres and
density ρres:

Sm =
f 0

R
dresρres

. (6)

For the LGS resonators used in this study, the mass sen-
sitivity near room temperature is about 34.1 cm2 Hz µg−1.
The parameters f 0

R and dres of the respective resonators
are measured. The value for the resonator density of
ρres = 5743.6 kg m−3 is taken from Kosinski et al. (2001).
Aeff is the effective electrode area, which is smaller than

the geometric electrode area Ael. For the resonators in this
work Aeff is assumed to be (Fritze, 2010)

Aeff = 0.46Ael. (7)

For the given resonators with an electrode diameter of
5.0 mm, this results in a sensitivity S of

S =
Aeff

Sm
= 2.6ngHz−1. (8)

Note that the mass mdry of the dry SPEEK films is also mea-
sured in a similar way with high precision by the nanobal-
ance taking the resonance frequency before and after deposi-
tion of the SPEEK films. To further increase the sensitivity,
a two-step measurement procedure is applied as described in
Wulfmeier et al. (2013). The first step monitors the frequency
in a broad range, whereas the second step is focused on a nar-
row range to determine the actual resonance frequency pre-
cisely.

3.3 Proton conductivity measurements

The proton conductivity of the SPEEK films is mea-
sured by electrochemical impedance spectroscopy using an
impedance analyzer (Solartron SI 1260, UK) and the inter-
digitated electrode configuration presented in Fig. 3. To ac-
count for expected low conductivities at low RH, a dielectric
interface (Solartron SI 1496, UK) is added. The applied al-
ternating current (a.c.) voltage is 50 mV and the frequency
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Figure 5. Equivalent circuit diagram for electrochemical
impedance spectroscopy.

range between 1 and 107 Hz. The conductivity σ is calcu-
lated from the Nyquist plots using the following equation:

σ =
d

LhRS
. (9)

Here, RS is the electrical resistance of the SPEEK film, d
the distance between the electrodes filled with SPEEK, L
the effective length of the interdigitated electrode (approx-
imately 30 mm) and h the thickness of the ionomer film. The
equivalent circuit depicted in Fig. 5 is used to fit the data. R1
stands for the sum of the lead and electrode resistances. The
SPEEK films are represented by the parallel connection of
RS and CPES. A constant phase element (CPE) instead of a
pure capacity is chosen to better account for inhomogeneities
of the layers (Hirschorn et al., 2010; Macdonald and Johnson,
2005).

3.4 Measurement sequence

Prior to the start of the measurement of conductivity and/or
hydration, the water vapor saturation of the samples is maxi-
mized by setting the bath to 30 ◦C, which equals the furnace
temperature. This condition is maintained for 3 d. During the
subsequent measurement, the bath temperature is stepwise
cooled down to 4 ◦C. Each bath temperature and, thus, sat-
uration level is held until the measurement signal from the
nanobalance reaches nearly constant values, which takes typ-
ically 8 to 12 h. This procedure is repeated until a RH of
about 25 % is reached. For lower RH, the bath is kept at 4 ◦C,
and a further drying is achieved by partially replacing the am-
bient air by dry argon gas (purity: 99.996 %). Argon gas flow
bypasses the impingers and is led directly into the measure-
ment chamber. The replacement is done stepwise until pure
argon flows through the measurement setup. Hereby, the ar-
gon flow is kept for 3 d. The state considered in this study to
be the dry sample is generated by vacuum drying which is
performed with a rotary vane pump (Pfeiffer Duo 10M, Ger-
many). After each evacuation step the measurement chamber
is flooded with argon again. The first two cycles are 30 min
each, and the third one lasts 5 h. The humidity sensor shows
a minimum of RH= 2.3 %. The value directly after vacuum
drying is regarded as the lowest RH step used to calculate
mdry. Afterwards, the RH is increased again to its maximum,
repeating the described procedure vice versa.

Figure 6. Resonance frequency course fR and relative humidity
(RH) of the SPEEK film with DS= 0.9. For means of visibility,
the depiction is limited to the measurement time between 409 and
473 h.

4 Results of the SPEEK hydration measurements

Relative humidity RH, conductivity σ , temperature T , res-
onance frequency fR and, thus, mass change are measured
continuously. The resonance frequency and the correspond-
ing relative humidity over time of the sample with DS= 0.9
are depicted in Fig. 6. For means of clarity, the presentation
is limited to the measurement time between 409 and 473 h
only. In this range, RH is changed stepwise from about 20 %
to 40 %. Each next RH level is applied after the resonance
frequency shows no significant changes anymore, indicat-
ing that the SPEEK film is saturated and in equilibrium with
the constant level of water vapor pressure in the surround-
ing atmosphere. In Fig. 6 it is clearly visible that the mea-
surement velocity is limited by the diffusion kinetics in the
SPEEK films as the change in the RH in the atmosphere is
significantly faster than the time the corresponding resonance
frequency needs to achieve a stationary state. Typically, this
equilibrium is reached within 8 to 12 h.

In this work, the resonance frequency fR is measured once
in a minute. This is sufficient to monitor the dynamic of the
water uptake by the SPEEK films. For samples with higher
activity than SPEEK, the repetition rate of the frequency
measurement can be further reduced to only a few seconds.

The equilibrated state is identified for each RH level and
evaluated by calculating the average for fR and RH in this
region. As an example, the corresponding data range for the
humidity step at RH= 20 % is depicted in Fig. 7. The relative
humidity can be set with a precision of about ±0.15 %. The
precision of the fR determination is 1f ± 3.0 Hz over the
4 h of measurement time observed. Considering Eq. (8), this
equals a mass resolution Rm of

Rm = S1f =
Aeff

Sm
1f =±7.9ng. (10)
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Figure 7. Resonance frequency fR and RH of the SPEEK film with
DS= 0.9 in an equilibrated state as it is used to determine the mass
change at each RH level. The data shown in this graph are an aug-
mentation of the corresponding segment shown in Fig. 6.

As described before, the resonance frequency change is con-
verted to a mass change. The latter is equal to the WU:

WU/%=
mRH−mdry

mdry
· 100=

1mRH

mdry
· 100, (11)

with mRH the mass of the SPEEK film as calculated by
Eq. (5).

The hydration number λ can be calculated using the fol-
lowing equation:

λ=
WU · 10

IEC ·M (H2O)
. (12)

M(H2O) and IEC are the molar mass of water and the ion ex-
change capacity, respectively. The IEC values for SPEEK are
2.5 and 1.5 meq g−1 for DS= 0.9 and DS= 0.5, respectively.

Figures 8 and 9 show the hydration numbers λ calculated
according to Eq. (12) and the proton conductivities σ in loga-
rithmic representation for SPEEK with DS values of 0.9 and
0.5, respectively. The water incorporation of the hydrated
sample with a DS of 0.9 at the start of the measurement
equals 27 % of the dry SPEEK mass. After drying the sam-
ple, a rehydration with a WU of 22 % is seen. For SPEEK
with a DS of 0.5, the absolute values of the WU are lower at
14 % and 13 % before and after drying. However, it should
be mentioned that the difference in WU between the initial
and final conditions appears to be too small, since a higher
RH could be realized in the measurement setup during rehy-
dration than at the start of the measurement.

The hydration numbers for SPEEK 0.9 in Fig. 8 are
higher than previous hydration experiments in humid atmo-
spheres obtained by thermogravimetric analysis (Di Vona et
al., 2009). The figures show the typical hysteresis between
data obtained by decreasing and then increasing the RH.
This hysteresis is well known in porous materials (hystere-
sis loop type H3 in the IUPAC classification; Thommes et

Figure 8. Hydration number λ and proton conductivity σ of SPEEK
(DS= 0.9) at 30 ◦C.

Figure 9. Hydration number λ and proton conductivity σ of SPEEK
(DS= 0.5) at 30 ◦C.

al., 2015) and is related to the fact that initially capillary ef-
fects contribute to the water uptake at high RH, whereas on
rehydration from very low RH capillary effects are absent.
There is an obvious relation between the hydration and the
ionic conductivity, which is expected in materials, where the
ionic migration proceeds inside hydrated nanometric chan-
nels (Di Vona et al., 2013; Knauth et al., 2011).

For SPEEK DS= 0.5 (Fig. 9), there is no hysteresis at RH
below 40 %, probably due to the much lower water affinity of
the ionomer given its low sulfonic acid content. Accordingly,
the hydration numbers (< 5) and proton conductivities are
much lower than those of SPEEK DS= 0.9.

5 Conclusions

A newly developed experimental setup to characterize thin
polymeric films during dehydration and hydration is pre-
sented. The great advantage of this measurement device and
technique is that it monitors the mass change and conduc-
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tivity of the films in situ and simultaneously under virtu-
ally identical conditions. The feasibility of the technique is
demonstrated by characterizing ionomer thin films. Here, a
mass resolution of ±7.9 ng is achieved. The precision of RH
control is ±0.15 %. Currently the system is limited to a rela-
tive humidity of 85 % and below. This limit can be overcome
by e.g. a heated gas transfer line.

SPEEK films with varying degrees of sulfonation are used
as the model system. Their hydration is characterized over a
wide range of RH in the surrounding atmosphere. A decrease
in conductivity of about 6 orders of magnitude is detected
when changing the atmosphere from ∼ 80 % RH to nearly
0 % RH, which is in agreement with values reported in the
literature. The simultaneously detected water uptake equals
∼ 27 % (DS= 0.9) and∼ 14 % (DS= 0.5) of the dry SPEEK
mass.

The results show the feasibility of the new in situ sensor
system and its potential for assisting material development
in the field of polymeric ion-conducting thin films. The data
obtained by this measurement approach can be used to either
identify conditions of best material performance or to avoid
application conditions leading to a degradation and malfunc-
tion of devices using these materials.
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