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A B S T R A C T   

Ex-situ characterization of solid polymer electrolytes plays an important role in their development as materials 
for energy applications, with ionic conductivity being a crucial parameter to quantify. Conventional measure
ments of ionic conductivity often require the formation of a free-standing polymer film which in many instances 
is difficult to fabricate, thus there may be a need to quantify their ionic conductivity in powder form. In this 
work, we present a practical and reproducible method for measuring the ionic conductivity of solid polymer 
electrolytes (SPEs) in their powder form. By using a modified configuration of a through-plane cell, demonstrated 
with both a proton conducting- and an anion conducting-solid polymer electrolyte powder (SPEP), we are able to 
obtain ionic conductivity values under variable conditions in order to explore the influence of external param
eters on the ionic conductivity of powders. Two types of SPEs in insoluble powder form were employed in this 
work: (1) a proton-exchange material (SPEP-H+) based on a hyperbranched, sulfo-phenylated poly(phenylene) 
SPEP (HB-sPPT-H+), with measured ionic conductivity of ⁓ 210 mS cm− 1 at 80 ◦C and 95 % of relative humidity 
(RH); (2) an anion-exchange conducting polymer in its chloride form (SPEP-Cl-), consisting of a radiation-grafted 
ultra-high density polyethylene insoluble SPEP containing covalently-bonded benzyltrimethylammonium 
(BTMA) head-groups, with measured ionic conductivity of ⁓ 53 mS cm− 1 at 80 ◦C and 95 % RH.   

1. Introduction 

A rise in global temperature calls for the quick and effective devel
opment of renewable energy grids [1,2]. As an integral part of energy 
networks, electrochemical energy conversion devices such as fuel cells 
and electrolyzers have received increased attention over the past two 
decades [3,4]. Components of these systems include polymer electrolyte 
membranes and catalyst layers, which have been actively investigated in 
search of cheaper and more sustainable options [5–7]. As an alternative 
to the widely used commercial perfluorosulfonic acid membranes, 
hydrocarbon-based solid polymer electrolytes are being extensively 
researched [8–11]. Emerging polymers require a comprehensive set of 
characterizations to determine compatibility with prospective applica
tions. Especially important is the determination of the ionic conductivity 
of materials as this property exerts a profound influence on the perfor
mance of electrochemical energy conversion devices. Characterization 
of ionic transport phenomena is primarily performed on the thin mem
brane form of the polymer electrolytes. However, not all newly syn
thesized materials can be fabricated into free-standing films. Moreover, 
solid polymer electrolytes in their powder form are gaining attention as 

additives to catalyst layers to enhance the transport of ions [12–15]. A 
technique capable of measuring the ionic conductivity of powder poly
mers is thus warranted as this will assist in fine-tuning synthetic routes 
of ionic polymers during the early stages of the material development. 

There are several areas of research that typically require the inves
tigation of conductivity of powders. The first field concerns solid oxide 
fuel cells (SOFC), which utilize pressed pellets of the electrolyte that are 
subsequently sintered. Upon sputtering metal on the pellet’s surface, 
ionic conductivity can be measured using electrochemical impedance 
spectroscopy (EIS) [16]. A second area is the evaluation of the electrical 
conductivity of carbons for a multitude of applications. Typically, a 
carbon powder is compressed between two metal rods inside a small 
electrically insulating cylinder and the electrical conductivity is evalu
ated via EIS [17]. The conductivity of powders is also explored in one of 
the largest fields of energy research, solid-state batteries. In this case, for 
example, Li+ ion conducting composites (e.g., sulfide or 
carbonate-based) are studied using a technique similar to the one used in 
SOFC research. The two-point probe EIS measurement, utilizing 
ion-blocking or electron-blocking electrodes, is a simple method for 
determining the material’s conductivity in a hard-pressed pellet form 
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[18,19]. These assemblies served as inspiration to our research group to 
utilize physical confinement and compressed pellet to evaluate the ionic 
conductivity of solid polymer electrolytes in their powder form. 

In this work, we present a practical and reproducible method of 
measuring the ionic conductivity of solid polymer electrolytes (SPE) in 
their insoluble powder form using Scribner Associates MTS-740 equip
ment and its through-plane conductivity cell. This method allows to 
record the resistance of SPE powders as a function of relative humidity 
and temperature, and above the boiling point of water by application of 
back pressure. The latter is especially relevant to the emerging field of 
high-temperature alkaline fuel cells [20–22]. Additionally, we compare 
conductivity data to that obtained using a conventional through-plane 
conductivity cell, where the polymer powder is compressed between 
two stainless steel rods tipped with platinum electrodes. 

2. Experimental 

2.1. Ion-conducting solid polymer electrolyte (SPE) powders 

Two types of SPEs in insoluble powder form were employed in this 
work: (1) a proton-exchange solid polymer electrolyte powder (SPEP- 
Hþ) based on a hyperbranched, sulfo-phenylated poly(phenylene) solid 
polymer electrolyte powder (HB-sPPT-H+) possessing an ion-exchange 
capacity of 2.76 ± 0.1 mmol g− 1 (Fig. S1a). The material is insoluble 
in common laboratory polar protic solvents and was provided in its ball- 
milled form. The preparation and characterization of this material is 
reported elsewhere [14]. (2) An anion-exchange solid polymer electro
lyte powder in its chloride form (SPEP-Cl-), consisting of a 
radiation-grafted ultra high-density polyethylene insoluble solid poly
mer electrolyte powder containing covalently-bonded benzyl
trimethylammonium (BTMA) head-groups (Fig. S1b). This material was 
synthesized by following the procedure reported in [13], but using a 
polyethylene-based backbone instead of ethylene tetrafluoroethylene 
(unpublished results). The measured ion-exchange capacity was 2.55 ±
0.1 mmol g− 1. Both materials have been previously introduced to 
catalyst layers of fuel cells in their powder form to improve the ion 
conductivity of the catalyst layer. 

2.2. Dynamic Vapor Sorption (DVS) 

Dynamic Vapor Sorption (DVS) measurements were performed on a 
DVS Adventure humidity chamber and Ultrabalance (Surface Measure
ment Systems Ltd., UK). SPE powder was dried in a vacuum oven (80 ◦C, 
17 h) and the dry mass of the material was recorded in the DVS in
strument at the initial step. The humidity was controlled by a source of 
deionized water delivered under nitrogen gas flow at a volumetric flow 
rate of 200 standard cubic centimeters per minute (sccm). The maximum 
accessible relative humidity (RH) was limited by the machine at 
elevated temperatures. The experiment was conducted in two stages. In 
the first stage, samples were held at a constant temperature of 80 ◦C and 
absorption/desorption curves were recorded under a stepwise increase 
of relative humidity in the 0–74 % RH range. As for the second stage, 
relative humidity was fixed at a level of 76 ± 3 % and the temperature 
was increased from 40 to 80 ◦C in 10 ◦C steps. Water uptake, WU [%], 
was calculated according to Eq. (1). Additionally, the hydration number, 
λ – the number of water molecules per ion pair, was calculated from the 
ratio of moles of water, nH2O/mol, per dry mass of polymer, mdry [g], 
with respect to ion exchange capacity, IEC [mmol g-1], as shown by Eq. 
(2). 

WU =
mwet − mdry

mdry
(1)  

λ =
nH2O

IEC • mdry
(2)  

2.3. Thermal gravimetric analysis (TGA) 

Thermal degradation data of ⁓ 10 mg of powder polymer samples 
was obtained using a thermogravimetric analyzer PerkinElmer TGA 
4000. The samples were heated under N2 at 10 ◦C min− 1 from 30 ◦C up 
to 700 ◦C. 

2.4. Through-plane conductivity 

Conductivity measurements of SPEs in powder form were performed 
using two experimental setups: I) a commonly found method in the 
literature [23–25], which uses a conventional in-house fabricated glass 
cell placed inside an environmental chamber with temperature and 
relative humidity control coupled to a Solartron Analytical 1260 
Impedance Analyzer; II) a novel methodology using a Scribner Associ
ates Membrane Test System MTS-740 coupled to a Solartron Analytical 
1260 Impedance Analyzer. 

2.4.1. Experimental setup I 
Through-plane proton (H+) or anion (Cl-) conductivities were 

measured by compressing a given quantity of polymer powder between 
two stainless steel rods tipped with Pt disks electrodes inside a 0.58 cm 
diameter glass tube as illustrated in Fig. 1. The thickness of the circular 
pellet of powder (approximately 2–3 mm) was accurately measured 
with a digital caliper following the experiment. The in-house fabricated 
glass cell was kept under compression in a clamp during the measure
ment to ensure sufficient electric contact between the components. The 
impedance of the cell was measured over the frequency range of 10 MHz 
to 100 Hz at 100 mV amplitude. The assembly was equilibrated at 80 ◦C 
at each relative humidity step in an environmental chamber (SH-241, 
ESPEC North America Inc.) for 24 h. For conductivity-temperature 
dependence measurements, the cell was equilibrated at 95 % RH for 
24 h and then 2 h for each temperature at the same RH. To obtain SPEP- 
H+ conductivities, it was necessary to add a drop of water to the sample 
prior to equilibration in the chamber, thus this measurement was 
considered as being under “fully humidified” conditions. The resulting 
spectra were corrected by the respective shorted cells’ inductance and 
fitted using a Randles simplified equivalent circuit to obtain the ionic 
resistance [26]. The ionic conductivity σ [S cm− 1] was calculated using 
Eq. (3), where L [cm] is the thickness of the pellet, A [cm2] is its surface 
area, and R [Ohm] is the measured resistance. 

σ =
L

R × A
(3)  

2.4.2. Experimental setup II 
The 740 Membrane Test System (MTS-740) from Scribner Associates 

and its through-plane conductivity cell head were used for measuring 
the ionic conductivity of SPEP-H+ and SPEP-Cl- materials. Two tools 
were manufactured in-house to assist the through-plane measurements 
in the MTS-740 equipment: 1) an electrode-sized mold for compacting 
powder under pressure (Fig. 2), and 2) two polyamide lateral shields, as 
shown in Fig. 3a, which were fixed to the cell by the screw-compressor 
clamp shown in Fig. 3b. Lateral shields were installed on the sides of the 
MTS-740 cell to prevent possible dispersion of the powder within the 
humidity chamber due to the loss of the mechanical integrity of the 

Fig. 1. Scheme of a conventional through-plane conductivity glass cell with 
labeled components. 
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pellet (Fig. 3c–f). Pellets with a fixed area of 20 × 5 mm2 were prepared 
by using the custom-made mold and a hydraulic press Carver, Inc. Model 
3851-0. The free-standing pellet was placed into the MTS-740 through- 
plane cell ensuring that it would be in contact with all four electrodes. A 
compression head dial indicator was installed to measure the pressure 
applied to the electrodes. The compression head of the cell was rotated 
three times, resulting in 119 PSI of compression. The hydrated thickness 
of the samples (0.5–1.5 mm) was measured by a caliper while the ma
terial was inside the cell and after completing the experiment. The ionic 
resistances of SPE powder pellets were collected during water absorp
tion (from 50 % to 95 % RH, in 5–10 % steps) and desorption (from 
95 % to 50 % RH, 5–10 % steps) at 80 ◦C, and at fixed 95 % RH and 
varying temperature from 40 to 80 ◦C and 80 to 40 ◦C, in 10 ◦C steps. 
The system provides fully automated control of the sample temperature, 
dew point, and therefore relative humidity. The RH is controlled by 
using a wet-dry gas mixing humidification system and a flow of 
500 sccm of N2 (99.998 %) was applied. The equilibrium time for in
dividual steps was 4 h, with measurements being taken every 30 min in 
the frequency range of 10 MHz to 1 Hz at 10 mV of amplitude. Eq. (3) 
was used to calculate the through-plane conductivity, where L [cm] is 

the thickness of the humidified SPE pellet, A [cm2] is the Pt electrode 
surface area (0.5 cm2), and R [Ohm] is the measured resistance. 

3. Results and discussion 

3.1. Water uptake and thermal stability of SPE powders 

The ionic conductivity of SPEs is highly dependent on their water 
content [27–29], hence, it is necessary to evaluate water absorption and 
desorption in order to understand ion conduction within the materials. 
Water uptake was evaluated by DVS under dependencies of relative 
humidity and temperature. Firstly, the humidity dependence was 
recorded under a constant temperature of 80 ◦C, up to the maximum RH 
allowed by the equipment. Representative isothermal water absorption 
and desorption curves for the SPEs are shown in Fig. 4. As can be seen 
from the absorption plot, water uptake of both anionic and cationic 
materials increases with the increasing RH, reaching 41 wt% for 
SPEP-H+ and 21 wt% for SPEP-Cl- at 73 % RH. The hydration number of 
the SPE powders under the same conditions is 28 for SPEP-H+ and 12 for 
SPEP-Cl-. The water absorption behavior of the materials is linear, with 
SPEP-H+ being prone to a higher water uptake. However, as determined 
by the desorption isotherms, hysteresis is observed for the 
proton-exchange SPE material. This suggests a large distribution of pore 
sizes throughout the material. Large pores are connected to narrow 
pores so the desorption of water from a larger pore is restricted by the 
prioritized desorption of a smaller pore. In contrast, SPEP-Cl- exhibits 
negligible hysteresis. This difference in behavior is related to the 
intrinsic properties of each SPE, which is determined by the material’s 
morphology and arrangement of hydrophilic and hydrophobic domains. 
In the case of SPEP-Cl-, the material has a hydrophobic polyethylene 
backbone bearing grafted side chains that are responsible for conducting 
anions. Contrarily, the SPEP-H+ is an ionene, which incorporates cations 
directly along its polymer backbone. In this context, a hypothesis is that 
the water penetrates deeper into the interchains of the SPEP-H+, than in 
the SPEP-Cl- in which the water would be more surficial along 
pore-walls. The different distribution of water in the materials might be 
responsible for the distinct shapes of the water uptake curves. 

Secondly, the water uptake-temperature dependence was evaluated 

Fig. 2. Schematic image of the pellet preparation process using an electrode- 
sized mold. 

Fig. 3. MTS-740 through-plane conductivity 
cell with added modifications: a) polyamide 
lateral shields; b) brass clamp; c) frontal view of 
the electrode assembly with a solid polymer 
electrolyte (SPE) powder pellet; d) side view of 
the electrode assembly with the polyamide 
lateral shields and the clamp installed; e) rear 
view of the cell with polyamide lateral shields 
clamped to the electrode assembly; f) front view 
of the electrode assembly with the polyamide 
lateral shields and the clamp installed.   
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by maintaining a constant RH (see Table S1 for recorded RHs) and 
increasing or decreasing the temperature of the cell from 40 to 80 ◦C or 
80 ◦C to 40 ◦C over 10 ◦C step intervals. The changes in WU during 
temperature variation (shown in Fig. 4) of both SPEP-Cl- and SPEP-H+

are negligible, suggesting that the influence of relative humidity is much 
stronger than the influence of temperature, which later with observed 
dependencies will suggest a kinetic nature of the SPE’s conductivities 
[23,30]. 

Thermal gravimetric analyzes of both powders were conducted up to 
700 ◦C to verify the thermal stability of the materials at the operating 
temperatures applied in this work. Fig. S2 evidences a mass loss step 
starting below 100 ◦C due to loss of residual water content and/or sol
vents for both SPEPs. For SPEP-Cl- there is a three-stage weight loss, 
indicating degradation of quaternary ammonium groups, followed by 
degradation of vinylbenzyl chloride grafts, and, lastly, degradation of 
the polymer backbone [12]. The first degradation step initiates at 
180 ◦C, indicating short-term thermal stability up to this temperature. 
SPEP-H+ undergoes degradation in two steps, corresponding to desul
fonation and decomposition of the polyphenylene backbone [31,32]. 
This material shows good thermal stability up to 220 ◦C. 

3.2. Conductivity of SPEs powders evaluated via conventional 
conductivity cell 

Through-plane conductivity measurements in a conventional in- 
house fabricated conductivity cell (Section 2.4.1) were performed for 
both types of powders to be used as a comparative basis for the new 
methodology introduced by Section 2.4.2. Fig. S3 shows examples of 
impedance spectra for the SPEP-H+ material at 95 % RH and varying the 
temperature and for the SPEP-Cl- at 80 ◦C and varying relative humidity. 
The cell containing the SPE powder exhibits a high-frequency semi
circular arc which is typical of an equivalent circuit comprising a par
allel combination of bulk resistance and bulk capacitance [33]. 
Diffusion-limited processes can also be seen in the low-frequency 
range. Fig. S4 depicts the resulting fitting using a simple Randles 
equivalent circuit. The impedance of the cell hardware does not need to 
be included in the circuit since the cell is calibrated by shorting before 
use and the impedance of the electrodes is automatically subtracted 
from the measured value. The ionic conductivity of SPE powders was 
calculated by Eq. (3) using the high-frequency resistance values ob
tained from the fitting of the impedance spectra. 

For the SPEP-H+, determining the ionic conductivity values under 
absorption cycles starting from a dry powder was not possible. The 
stainless steel rods of the cell were designed to have a loose fit with the 
glass compartment to permit equilibration of the material to the desired 

Fig. 4. Water uptake of solid polymer electrolytes in powder form obtained by DVS: a) WU of proton-exchange solid polymer electrolyte powder (SPEP-H+) at fixed 
temperature 80 ◦C; b) WU of SPEP-H+ at fixed RH (76.9 ± 2.1 ◦C); c) WU of anion-exchange solid polymer electrolyte powder (SPEP-Cl-) at fixed temperature 80 ◦C; 
d) WU of SPEP-Cl- at fixed RH (76.4 ± 2.5 ◦C). Recorded RHs of b and d can be found in Table S1. 
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condition during water absorption. However, the water uptaken by the 
material caused the sample to undergo dimensional swelling, resulting 
in the disintegration of the pellet and making the powder seep through 
the cell, which compromised the contact between Pt electrodes and steel 
rods. To solve this issue, the SPEP-H+ sample was measured only during 
desorption, as shown in Fig. 5a. For this measurement, a drop of water 
was added to the powder before compression. Thus, the compressed 
material was fully humidified, and the thickness of the water-saturated 
pellet was used to calculate the conductivity. For SPEP-H+ it was only 
possible to measure resistance values at 95 %, 90 %, and 80 % RH in the 
environmental chamber. For RH < 80 % a loss of contact between the 
powder and the electrodes was observed due to the increased loss of 
water and consequent shrinkage of the pellet. The conductivity 
measured at 80 ◦C, immediately after cell assembly, was 130 mS cm− 1 

and was identical to that measured after 24 h of equilibration at 95 % 
RH. This suggests that the values measured at different temperatures at 
95 % RH should be considered as conductivity values under fully hu
midified conditions, Fig. 5b, because a drop of liquid water was added. 
The obtained value at 80 ◦C is similar to that previously measured by the 
group using the same confinement (136 ± 8 mS cm− 1) [14]. 

For the SPEP-Cl-, it was possible to measure the conductivity during 
the absorption and desorption of water starting from the dry sample. As 
observed by the DVS analysis, the anionic SPE possessed half the water 
uptake at its peak in comparison to SPEP-H+, thus the measurement was 
less affected by the dimensional swelling. Fig. 5c shows an exponential 

increase of the ionic conductivity with increasing RH. At 50 % RH, the 
conductivity is approximately 1.5 mS cm− 1 in its chloride form and 
reaches 24 mS cm− 1 at 95 % RH. During desorption, there is likely a 
gradual loss of contact between the pellet and electrodes since the 
resistance increases step-by-step at each point and nulls at 60 % RH. The 
volume of the compacted material decreases during desorption and, as 
the compression between the electrodes is not constant, it results in a 
loss of contact. Under fully humidified conditions (after adding a drop of 
liquid water to the powder) the conductivity of the sample increases to 
41 mS cm− 1 at 80 ◦C. Fig. 5d depicts the conductivity-temperature 
dependence at 95 %RH (reached from the dry powder) and at full 
humidification. 

Through the conductivity measurements of SPEP-H+and SPEP-Cl- it 
was confirmed that the geometry of the conventional in-house made 
glass cell restricts ingress and egress of water vapor to the powder, 
causing equilibration of the cell in the humidity chamber to take an 
unreasonably long time. Moreover, this configuration uses thin Pt disks 
that tip stainless steel rods which may contribute to contact issues be
tween components. 

3.3. Conductivity of SPE powders using the MTS-740 cell 

As observed in the previous section, the in-house fabricated through- 
plane conductivity cell has disadvantages that render it difficult to 
accurately report the conductivity of SPEs in powder form. The MTS-740 

Fig. 5. Ionic conductivity of the solid polymer electrolytes in powder form measured in the conventional in-house made through-plane glass cell: a) RH dependence 
of the ionic conductivity of proton-exchange solid polymer electrolyte powder (SPEP-H+) at 80 ◦C during desorption; b) temperature dependence of the ionic 
conductivity of fully humidified SPEP-H+; c) RH dependence of the ionic conductivity of anion-exchange solid polymer electrolyte powder (SPEP-Cl-) at 80 ◦C during 
absorption (red) and desorption (black); d) temperature dependence of the ionic conductivity of fully humidified SPEP-Cl- and at 95 % RH (starting from 
dry material). 
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instrument demonstrated in the past to yield ion conductivity of thin 
films and is now presented as a solution for accurate measurements of 
SPEs in their powder form. The measurement steps include the prepa
ration of a powder pellet, through-plane cell assembly, and the analysis 
of the system’s impedance. Each of these steps is discussed separately 
below. 

3.3.1. Pellet characteristics 
The preparation of pellets from SPE powders depends on the intrinsic 

properties of each material. To obtain a fine powder of polymer it is 
advised to subject it to a milling process (ball-milling, cryo-milling). For 
each type of polymer, it is necessary to evaluate the optimum pressure 
for powder compression and the suitable thickness to produce a uniform 
and free-standing pellet. 

In this work, for the SPEP-H+ material, pellets with thicknesses of 
~ 0.5, 1.0, and 1.3 mm were prepared. Pellets with thicknesses 
< 0.5 mm were increasingly brittle and hard to handle. In addition, for 
thicker samples, small inconsistencies in the thickness of a pellet are less 
profound and have a smaller influence on the accuracy of the conduc
tivity value. However, pellets thicker than 1.3 mm require prolonged 
conditioning time, as they take longer to reach equilibrium upon 
exposure to water vapor. Moreover, excessively thick samples are prone 
to form cracks and lose material during the measurement due to 
decrease in mechanical integrity. In this context, for the SPEP-H+, the 
optimized thickness of the pellet was ~ 1 mm. The conditions of optimal 
compression (pressure and time) for the sample fabrication were 
determined. Initially, 0.45-ton compression for 2 min was used but a loss 
of electric contact was observed during the experiment indicating a loss 
of material inside the conductivity cell due to pellet disintegration. The 
optimal pellet compression was found to be 0.45-ton for 10 min. In the 
case of the SPEP-Cl-, due to the nature of the polymer, higher pressure at 
a prolonged exposure was necessary to form a mechanically robust 
pellet. A pressure of 3.0 tons was applied for 10 min to obtain pellets 
with optimized working thicknesses between 1.3- and 1.5-mm. Pellets 
with a thickness < 1 mm were difficult to handle and broke easily. For 
SPEP-Cl-, to complete a cycle of absorption/desorption, it was necessary 
to use two different pellets to guarantee the mechanical integrity of the 
sample during the measurement. For this material, the pellet remained 
more fragile even in the optimized working thickness. The differences 
observed between SPEP-H+and SPEP-Cl- pellets reveal that the intrinsic 
properties of each polymer powder are important for fabricating a 
workable pellet for the conductivity measurement. 

3.3.2. Assembly of pellet in the through-plane MTS-740 cell 
The compressed powder pellet was placed in the through-plane 

conductivity cell of MTS-740 equipment between the two rectangular 
platinum electrodes and small round sensing electrodes, as illustrated in 
Fig. 3. The distance between the electrodes was determined by the 
thickness of the pellet. The geometry of the system allows microscopic 
changes in thickness due to the dimensional swelling of the material. 
Therefore, it was necessary to record the thickness of the pellet after the 
measurement and applying humidification, when the sample is swollen. 
If the SPE powder is prone to a high-water uptake, the pellet itself may 
undergo excessive swelling resulting in a loss of mechanical integrity. 
Thus, powder spillage into the MTS humidity chamber may occur, even 
with the designed shields on the sides of the cell. In this case, it is not 
recommended to exceed 90 % RH during the measurements. For the SPE 
powders used in this work, it was possible to maintain the pellets at 
95 % RH, but at this humidification the samples become fragile and 
prone to disintegration. 

3.3.3. Conductivity measurements 
The conductivity value obtained is influenced by both the technique 

employed and the geometry of the conductivity cell [33]. During 
in-plane conductivity measurements, the main contribution to the 
resistance of the system is from the bulk of the material, while other 

resistances are negligible [34]. This is because of the large cell constant 
(L/A), Eq. (3), where L is the distance between the electrodes and A is 
the cross-section of the sample area, which results in high resistance. On 
the other hand, in through-plane measurements, L corresponds to the 
thickness of the material and A is the area of the electrodes, which is 
usually much larger than the first. Therefore, for the through-plane 
configuration, the magnitude of the material’s resistance is small, and 
contributions of contact and electrode resistance, and 
electrode-electrolyte interfacial impedance are exacerbated and often 
observed [35]. 

In a conventional two-electrode cell configuration for measuring 
through-plane conductivity, the current source-drain electrodes also 
serve as voltage-measuring probes. In this case, the contact resistance 
and lead-wire resistance may be on the order of or exceed the electrolyte 
resistance [33]. Additionally, charge transfer resistance and electrical 
double-layer capacitance at the electrode-electrolyte interface can 
interfere with the measurement and introduce artifacts to the results. In 
contrast, for the four-probe cell configuration, the voltage- measuring 
probes are connected through a high-impedance voltmeter so that 
negligible current flows across these interfaces, thus removing 
non-linear electrode contributions [19]. Through-plane measurements 
are commonly performed using a two-terminal configuration due to the 
fact that placing independent voltage-sense electrodes in a thin ionically 
conductive phase is challenging, and the results open to broad inter
pretation. In this context, the MTS-740 system introduced a reliable 
through-plane method for measuring the resistance of thin materials 
using a four-terminal configuration (Kelvin connection) [35–37]. 

Fig. 6 shows Nyquist plots of a) SPEP-H+ at ⁓ 95 % RH for different 
cell temperatures, and b) SPEP-Cl- pellets at 80 ◦C under different 
relative humidities in the MTS-740 equipment. As can be seen, the low 
and high-frequency impedances exhibit humidity or temperature 
dependence. The low-frequency impedance is the sum of the ohmic 
resistance and the charge-transfer impedance of the electrodes [36]. The 
high-frequency region is the portion of the spectra where the SPE pellet 
resistance contributions are found. There is no apparent evidence of 
mass transport impedance in Fig. 6a, but it appears in Fig. 6b for low 
frequencies. Additionally, in Fig. 6b it is possible to observe the presence 
of two semicircles, while in Fig. 6a only the second of the two is present. 
The resolution of the first semicircle depends on the characteristic peak 
frequency of the given system, which is a function of the dielectric 
relaxation time of the material [34]. The characteristic peak frequency 
(ωp) depends on the bulk resistance of the polymer (Rb) and the bulk 
capacitance (Cb). RbCb is the time constant (τ) or the dielectric relaxa
tion. If the time constant is sufficiently small, little or none of the 
high-frequency semicircle can be observed in the Nyquist plot [34]. The 
full semicircle will be obtained only if τ is sufficiently high. The bulk 
capacitance is dependent on the thickness of the measured material. 
Thus, it is possible to resolve the semicircles in the high-frequency 
domain, for example, by increasing the thickness of the SPE pellet. 
Moreover, the reason for the different spectra for the studied materials is 
related to the nature of the ion transported. In the case of the SPEP-H+, 
the resistance to the conduction of H+ was measured, while in the case of 
the SPEP-Cl-, the resistance is related to the conduction of Cl-. In water, 
the ion mobility of protons is ~5 times greater than that of chloride-ions 
[38], therefore, the resistance to anion transport is expected to be 
higher. Since the peak frequency depends on the bulk resistance of the 
SPE, the appearance of a semicircle will also depend on this. 

The high-frequency resistance is the sum of a series of ohmic re
sistances including the SPE’s resistance and all non-ionic ohmic contri
butions. The latter can be gathered into one factor called cell resistance. 
Cooper [36] has reported the contribution of cell resistance to the 
MTS-740 system for various thin membranes. For 25 µm thick Nafion 
111, the cell resistance was nearly one-fifth of the membrane resistance 
at 20 % RH and approached half its value at high relative humidity. For 
much thicker Nafion 117, ~ 178 µm thick, the cell resistance was 5 % of 
the membrane resistance at low RH and only 15 % at 95 % RH. As the 
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cell resistance is a larger fraction of the membrane resistance for thin 
membranes than for thick membranes, the cell resistance can then be 
considered negligible in this present study since the SPE pellets are at 
least three times thicker than Nafion 117 membranes. 

To obtain the ionic resistance of the SPE pellet it is necessary to 
analyze the impedance spectra to determine the high-frequency resis
tance. This analysis was performed using least-squares fitting of the 
impedance spectra data to a Voigt equivalent circuit model as described 
in the MTS-740 user manual. A series inductor was also included in the 
equivalent circuit model for better fitting. Fig. S5 shows examples of 
fittings for SPEP-H+ and SPEP-Cl- impedance measurements. The Voigt 
model is suitable for obtaining the resistance at high frequencies with 
high accuracy in the MTS-740 cell, even if the semicircle at high fre
quencies is not present as is the case in Fig. 6a. 

With the resistance values obtained through the fitting of the 
impedance spectrum, the ionic conductivity of the materials under each 
condition described above was calculated. Fig. 7 depicts the temperature 
and humidity dependence of the ion conductivity for SPEP-H+ using 
three different pellet thicknesses. The profiles of the curves for all three 
samples are identical. In Figs. 7a, 7c, and 7e, a typical exponential in
crease of the conductivity with the increase of RH can be seen. However, 
during desorption, it is possible to observe two different trends: one from 
95 % to 80 % RH and another from 70 % to 50 % RH. Desorption from 
larger pores may be inhibited if they desorb via smaller pores. Therefore, 
the water loss between 95 % and 80 % RH does not readily occur. When 
the relative humidity is lowered from 80 % to 70 % RH, the trapped 
water is released, giving rise to the second portion of the curve. This 
finding can be better visualized in Fig. S6 which shows the logarithmic 
plot of Fig. 7g, the average of the three measurements. This graph pre
sents one slope for the absorption curve and two slopes for the desorp
tion curve. The hysteresis effect of the sorption curves is in good 
agreement with the data collected by DVS measurement, Fig. 4. The 
higher water uptake in each relative humidity during desorption is 
compatible with the higher conductivities shown in Figs. 7a, 7c, and 7e 
(black curves). The obtained conductivities are comparable to similar 
hydrocarbon-based polymers in membrane form [39]. 

Figs. 7b, 7d, and 7f show thermally activated behavior of ionic 
conductivity at ~ 95 % RH (measured RH values for each point can be 
found in Table S2). The observed hysteresis of the SPEP-H+ is smaller in 
the case of the variable temperature. The differences in conductivity 
between the increasing temperature and decreasing temperature curves 
seem to be largely influenced by humidity fluctuations at each point 

caused by the equipment (see Table S2). It is important to note that the 
conductivity values obtained by the presented method are at least 1.5 
times higher than the values collected by the conventional in-house 
made glass cell (e.g., 210 vs 130 mS cm− 1, respectively, at 80 ◦C). 
Moreover, limitations of the conventional through-plane glass cell 
confinement allow measurements only at fully humidified conditions for 
this polymer, whilst the hardware of the MTS-740 equipment permits 
reliable data collection at achieved RH at each temperature step. In
strument MTS-740 also allows for the possibility of carrying out high- 
temperature conductivity measurements by applying backpressure to 
the system. To verify this, the ionic resistance of SPEP-H+ was measured 
at 100 ◦C and 95 % RH by using 130 kPa of backpressure, resulting in 
269 mS cm− 1 calculated conductivity value. 

To confirm the effectiveness of the method for determining the 
conductivity of anion-exchange SPE powders, the conductivity of the 
SPEP-Cl- material was measured, as shown in Fig. 8. The absorption and 
desorption curves, Fig. 8a, are almost identical and do not exhibit hys
teresis. This observation is in agreement with the DVS water sorption/ 
desorption analysis, Fig. 4, which also reveals no hysteresis during this 
process. Fig. 8b shows the dependence of conductivity on temperature at 
~ 95 % RH (measured RH values for each point can be verified at 
Table S3). A slight difference between the increasing and decreasing 
temperature curves is observed which may be caused by the fluctuation 
of RH at each point, as shown in Table S3. The conductivity values of this 
insoluble polymer powder in the Cl- form are comparable with the 
values observed for BTMA radiation-grafted PE-based AEMs in the 
literature [40,41]. The conductivities presented herein are larger than 
those measured in the custom-made cell/environmental chamber 
approach. At 80 ◦C and 95 % RH, the conductivity determined using the 
MTS-740 equipment was 53 mS cm− 1; in the conventional cell, at the 
same temperature, the value was 41 and 24 mS cm− 1 for fully humidi
fied powder and at 95 % RH, respectively. 

4. Conclusion 

This work demonstrates a precise, simple, and versatile method of 
measuring the ionic conductivity of emerging ion exchange polymers in 
their insoluble powder form for advanced energy applications. The re
sults have shown that the fabrication of the solid polymer electrolyte 
(SPE) powder pellet for the ionic conductivity measurement depends on 
the intrinsic characteristics of each material and must be adapted for 
each SPE type. It was possible to measure proton-exchange SPE powder 

Fig. 6. Nyquist plots of a) proton-exchange solid polymer electrolyte powder (SPEP-H+) at 95 % RH and different cell temperatures, and b) anion-exchange solid 
polymer electrolyte powder (SPEP-Cl-) at 80 ◦C and different relative humidities. Amplitude 10 mV. 
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(SPEP-H+) pellets having different thicknesses and the obtained con
ductivity values are consistent through this variation. For this material, 
the optimized working thickness was found to be ~ 1 mm due to its 
better mechanical integrity. For the anion-exchange SPE powder (Cl- 

form, SPEP-Cl-), the optimized free-standing pellet was obtained for 

samples 1.3–1.5 mm thick. The conductivity values gathered by the 
MTS-740 system were higher than those measured by a conventional 
through-plane cell; e.g. 210 vs 130 mS cm− 1, respectively, for proton- 
exchange SPE powder at 80 ◦C and 95 % RH (MTS-740 cell) or fully 
humidified (conventional glass cell), and 53 vs 24 mS cm− 1, 

Fig. 7. a, c, and e) Relative humidity dependence of the ionic conductivity of proton-exchange solid polymer electrolyte powder (SPEP-H+) at 80 ◦C for pellets with 
different thicknesses; b, d, and f) temperature dependence of the ionic conductivity of SPEP-H+ at approx. 95 % RH for pellets with different thicknesses; g) Average 
of the 3 thicknesses of relative humidity dependence of the ionic conductivity of SPEP-H+ at 80 ◦C; h) Average of the 3 thicknesses of temperature dependence of the 
ionic conductivity of SPEP-H+ at approx. 95 % RH. Recorded relative humidities of b, d and f can be found in Table S2. 
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respectively, for anion-exchange SPE powder at 80 ◦C and 95 % RH 
(same condition for both cells). These differences are attributed to the 
geometry of the MTS-740 cell that allows easy access to water vapor, in 
addition to the four-terminal configuration used for the EIS measure
ments that provide more accurate results than two-terminal sensing. 
Moreover, MTS-740 has precise and automated control of chamber 
temperature and relative humidity. Using the presented new method
ology, it was also possible to determine the ionic conductivity value of 
SPEP-H+ at 100 ◦C and 95 % RH by applying 130 kPa of backpressure to 
the system, which was calculated to be 269 mS cm− 1. The demonstrated 
methodology has therefore proven to be useful in obtaining ionic con
ductivity of samples for which true conductivity values were inacces
sible using other methods. 
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