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Short Communication
Pressure-independent through-plane electrical
conductivity measurements of highly filled
conductive polymer composites
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h i g h l i g h t s
� Eutectic gallium-indium (EGaIn) as liquid metal electrical contacts.

� EGaIn contacts for pressure-independent through-plane electrical conductivity.

� Compared to carbon paper contacts, EGaIn reduces contact resistance.
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Highly filled conductive polymer composites (CPCs) are widely used in applications such as

bipolar plate materials for polymer electrolyte membrane fuel cells and redox flow batte-

ries, electromagnetic interference shielding and sensors due to their useful electrical

properties. A common method for determining through-plane electrical conductivities
�
stp

�
of such highly filled CPCs applies a conductive carbon paper between electrodes and

sample with application of external pressure to improve electrical contact. We show the

pressure-dependence of the measured stp can be eliminated by using a liquid metal such as

the gallium-indium eutectic alloy (EGaIn) as contact material. Results indicate that EGaIn

reduces contact resistance and causes a four times larger stp compared to measurements

with carbon paper contacts and a pressure of 20 bar.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
Introduction

Highly filled conductive polymer composites (CPCs) are widely

used for applications requiring high electrical conductivities

such as bipolar plates in redox flow batteries and polymer
istiansen).

vier Ltd on behalf of Hydroge

/).
electrolyte membrane fuel cell (PEMFC) systems in trans-

portation, stationary applications and portable communica-

tion [1e4]. Such CPCs typically include high contents of

conductive carbon fillers such as graphite and carbon black to

achieve high electrical conductivities [5,6].
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Measurements of electrical conductivities, both in-plane

(sip) and through-plane (stp), have been used in the develop-

ment and optimization of highly filled CPCs [2,4,7e10]. Such

composites with oriented and anisotropic conductive fillers

are known to display a sip/stp anisotropy depending on the

type of filler, their morphology and orientation, e.g., due to the

processing method in the composite [2,11e13]. Comprehen-

sive reviews exist which compare sip and stp of numerous

composites, aimed for PEMFC bipolar plate applications, with

different matrices, filler types and content, as well as fabri-

cation processes [5,6,11,12]. In such applications, stp is

considered critical since the current travels in the through-

plane direction in an operating fuel cell [13]. Thus, it is

important to accurately determine both sip and stp.

In samples of relatively high electrical conductivities, in-

plane electrical conductivities are commonly evaluated

using a four-point probe technique to exclude contact re-

sistances [14]; on the microscale, surfaces are rough and

constitute asperities which form discrete points of contact

between contacting bodies, thus constricting electrical cur-

rent and resulting in a contact resistance [15]. The four-point

probe method may also be applied to evaluate stp, yet rela-

tively thick samples are required for the spacing of probes [16].

Alternatively, a two-point probe technique may be used,

although the method has a significant contribution from

contact resistances and thus works best for low electrical

conductivity samples. Yet, a transmission line method (TLM),

based on extrapolating resistances obtained at various probe

distances to zero [17,18], may be used in combination with the

two-point probe technique to estimate the contact resistance.

This approach, however, requires samples of several thick-

nesses which may be impractical.

A commonmethod for evaluating stp of highly filled CPCs is

to apply a carbon paper between the electrodes and sample

under a compressive load for improved electrical contact

[19e23]. However, due to the roughness of both the composite

and carbon paper, the measured stp is dependent on the

magnitude of the compressive load as well as type of carbon

paper used which complicates comparison of results obtained

by different laboratories [7]. It should be noted that Yao et al.

[22] attempt to isolate the resistance of the CPC from the total

resistance by measuring on CPCs with various thicknesses

since their CPC resistance was proportional to the thickness.

However, themethod neglects the resistance of carbon papers

and requires fabricating samples of various thicknesseswhich

might be impractical. However, for thin plates relevant to bi-

polar plate applications, stpmay varywith plate thickness [24].

Other methods for reducing contact resistances during

measurements of electrical properties do exist. For instance,

Logakis et al. [25] sputtered gold on their samples to ensure

good contact with their gold-plated electrodes. On the other

hand, both Kunz et al. [9] and Liu et al. [26] applied a

conductive silver paste between their CPCs and electrodes.

However, these additional layers introduce contact re-

sistances which should be quantified to obtain more accurate

electrical properties of the samples of interest.

Alternatively, Sow et al. [27] used a highly filled CPC

sandwiched between two current collectors with holes for

sensing electrodes to directly contact the sample surface. This

eliminated contact resistance between the sample and
sensing electrodes. Yet, the equipotential planes close to the

edge of the current collectors near the sensing electrodes

bend, and thus potentials approaching the true surface po-

tential of the sample are measured closest to the current

collectors. This, however, requires fabrication of thin, concave

electrodes. Q. Wei et al. [16] employed a coaxial structure to

surround their thin film samples. The outer fixed-diameter

probe was the source and the diameter of the inner sense

probe was varied to allow the effect of source-sense probe

distance to be screened. Simulation results showed the

thinner the sample, the larger the voltage drop towards the

sense probewith distance away from the source. Additionally,

their experimental results showed higher electrical conduc-

tivities for samples measured with the largest diameter

sensing probes since potentials closer to the source probe

were measured. The strongest dependence of conductivity

with sensing probe diameter was observed in relatively thin

samples as expected from the simulation results. This may be

problematic for highly filled CPCs in battery and fuel cell ap-

plications since they typically have thicknesses on the order

of millimeters.

Instead, liquid metal contacts may be used as they are

more tolerant to surface topography variations andmay lower

contact resistances [7]. Various liquid metals such as mercury

and gallium-based alloys have been used as electrodes in

microfluidic devices [28,29] and sensors [30,31]. The gallium-

indium eutectic alloy (EGaIn), unlike mercury, is a non-toxic

liquid metal, and due to its relatively high electrical conduc-

tivity (3.4 � 104 S cm�1) and shear yielding rheology it may be

used to form electrical contacts [32e34]. When exposed to air,

EGaIn forms a nanometer thin oxide skin which does not

significantly influence its bulk electrical conductivity, yet it

enables EGaIn to bemolded to form stable cones or droplets on

surfaces [29,34e36]. After use, the liquid metal may be

recovered and reused [29].

This paper proposes a new method for measuring stp in-

dependent of applied pressure by applying EGaIn as moldable

electrode contacts. Furthermore, we propose a route to correct

the measured resistances for contributions from contact

resistance, thus allowing us to report stp-values which more

closely resemble those of the composites. The accompanying

setup is low-cost in terms of equipment, and it is uncompli-

cated to assemble. The resulting stp obtained with this setup

will be compared to the aforementioned carbon paper

contact-method with partial compensation of contact

resistances.
Materials and methods

Materials

A commercially available woven carbon paper (stamped into

discs of diameter 39 mm) and blank, grinded polymer com-

posite plates of thickness � 1:42 mm, consisting of a poly-

phenylene sulfide (PPS) matrix with graphite and carbon black

filler particles, were obtained from Advent Technologies

GmbH, Germany. These ‘as received’ plates were CNC-

machined either into discs of 39 mm diameter or strips of

width 15 mm and length 60 mm for through-plane and in-

https://doi.org/10.1016/j.ijhydene.2022.11.318
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plane electrical conductivity measurements, respectively.

Gallium-indium eutectic alloy (75.5 wt.% Ga 24.5 wt.% In by

weight, melting point 15.7 �C) was procured from Merck,

Germany.

To study highly filled CPCs with various surface roughness,

the above-mentioned ‘as received’ disc-shaped samples were

wet-ground with SiC paper of grit sizes P120, P320 and P1200

(European FEPA P-grit sizes). Afterwards, the samples were

rinsed with de-ionized water and ethanol and dried to ensure

the surface was non-contaminated.

Microscopy

Scanning electron microcopy (SEM) images were acquired

using a Zeiss EVO LS15 with an EHT of 15 kV. Surface topog-

raphy was studied with a Zeiss Axio Imager. M2m light optical

microscope (LOM). Reflected brightfield microscopy with a

50 � objective was used to obtain a minimum of 150 images

per sample with a constant height between images. With the

Zeiss ConfoMap ST software, the resulting three-dimensional

stack was used to create a topographic map from which the

arithmetic mean areal surface roughness ðSaÞ was calculated.

Electrical conductivity

In-plane electrical conductivity measurements were per-

formed with a Tenma 72e2930 DC power supply and a Key-

sight 34465 A digital multimeter. In all two- and four-point

probe measurements, a current of 1 A was forced through

the samples. In the two-point probemeasurement with EGaIn

contacts, EGaIn was initially precoated on the sample (area

AEGaIn ¼ 0.13 ± 0.01 cm2) before dispensing a droplet on the

coated area. The distance between EGaIn contacts was

L ¼ 4.1 ± 0.1 cm. With the four-point probe measurement, a

distance between voltage-sensing probes of 2.0 cm was used.
Fig. 1 e Schematic of setups for through-plane electrical conduc

composites (CPCs) with carbon paper (CP) (a) and gallium-indiu

indicate the compressive load direction.
All reported in-plane electrical conductivities are based on six

samples.

Through-plane electrical conductivitymeasurements were

conducted with the samemultimeter and power supply as the

in-plane electrical conductivity measurements. For measure-

ments with external pressure applied, the setup in Fig. 1a with

gold-coated electrodes (Au) was used. Measurements were

performed at three different pressures of 4.2 bar, 12.6 bar, and

20.1 bar and three currents (1 A, 5 A, and 10 A). Lastly, to

compensate partly for contact resistances between carbon

paper (CP) and Au-electrodes themethod described in Ref. [20]

was followed. The resistance measured from a single CP be-

tween the two Au-electrodes

R0 ¼ 2RAu þ RCP þ 2RAu=CP; (1)

With subscript ‘/’ denoting an interface, was subtracted

from the total resistance R of the setup in Fig. 1a

R ¼ 2RAu þ 2RCP þ 2RAu=CP þ Rsample þ 2Rsample=CP; (2)

With ‘sample’ denoting the highly filled CPC. In these ex-

pressions, the internal resistances in the system were

assumed negligible. This leaves the compensated value

R� R0 ¼ Rsample þ RCP þ 2Rsample=CP: (3)

The through-plane electrical conductivity measurements

without external pressure were conducted with the setup

schematically illustrated in Fig. 1b. A cotton swab was used to

pre-coat EGaIn on a circular area of 0.15 ± 0.02 cm2 on both

surfaces of the sample. This was done to improve adhesion of

the subsequently dispensed EGaIn droplet with the sample

surface and to define the circular area through which current

enters and exits the sample. Lastly, the four probes were

pushed into the dispensed EGaIn droplets. The voltage was

recorded at three different currents (1 A, 2.5 A, and 5 A), and

the presented results are based on four to five samples. For
tivity measurements on highly filled conductive polymer

m eutectic (EGaIn) (b) as contact material. Arrows in (a)

https://doi.org/10.1016/j.ijhydene.2022.11.318
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Fig. 2 e (a) Scanning electron microscopy image of an ‘as-received’ highly filled conductive polymer composite surface. The

white spots are likely due to charging of the surface. (b) Surface topography map of an ‘as-received’ highly filled conductive

polymer composite sample.
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samples tested with both the CP and EGaIn contacts, the re-

sults are based on currents of 1 A as larger currents yielded

identical conductivities.

Electrical conductivities ðsÞ were calculated based on the

expression s ¼ I,L
U,A, where I is the current, U potential differ-

ence, L separation between contacts parallel to the direction of

current flow, andA the cross sectional area throughwhich the

current flows. In the case of EGaIn contacts, A was taken as

the mean area of the two circular pre-coated EGaIn regions.

With the four-point probe measurement, L was taken as the

distance between voltage-sensing probes.
Table 1 e Arithmetic mean areal surface roughness ðSaÞ
for the samples used to evaluate through-plane electrical
conductivities.

Grit size Sa [mm]

P120 6.5 ± 2.0

P320 3.0 ± 0.3

P1200 0.65 ± 0.07

‘As received’ 1.3 ± 0.1
Results and discussion

Surface roughness

The roughness of the sample surfaces was evaluated both by

SEM and LOM. The resulting images of the ‘as received’ highly

filled CPC surface are presented in Fig. 2, respectively.

Although no quantitative height information can be

extracted from the SEM image, Fig. 2a shows a rough, flaky

surface. From the topographic map, Fig. 2b, a height variation

on the scale of several micrometers is observed, resulting in

Sa¼ 1.3 ± 0.1 mm. The roughness and observed topographywill

result in a lower true contact area between CP and highly filled

CPC and, thus, increase the contact resistance.

The wet-grinding procedure produced the mean areal

surface roughness presented in Table 1. As can be observed,

the roughness of the grinded ‘as received’ samples is in be-

tween that of the samples wet-grinded with P320 and P1200

SiC paper.

Liquid metal contacts

To validate the use of EGaIn as contact material for the poly-

mer composites, measurements were conducted with both

the two- and four-point probe techniques tomeasure in-plane
electrical conductivities
�
sip

�
. A disadvantage of the two-point

probe technique (2-PP in Fig. 3) is the contact resistance be-

tween sample and electrical contacts which becomes

increasingly important as the electrical conductivity of the

sample increases. In the two-point probe technique with

EGaIn contacts (2-PPw. EGaIn in Fig. 3) the sample is precoated

with two EGaIn contacts and both pairs of source and sensing

electrodes are introduced in their respective EGaIn contacts.

Hence, the measured voltage drop will include a contribution

from the contact resistance between EGaIn and sample. This

contact resistance is, however, eliminated with the four-point

probe technique [18] (4-PP in Fig. 3) used to obtain the inherent

in-plane electrical conductivity of the sample.

By comparing sip from the 2-PP and 2-PP w. EGaIn tech-

niques in Fig. 3, a 42 times improvement in sip is noticed. It is

likewise interesting that sip from 2-PP w. EGaIn and 4-PP

techniques deviate by only 17% with the lower sip measured

by the former technique being primarily due to contact re-

sistances between EGaIn and sample.

Writing out the contributions to the total resistance

measured with the 2-PP w. EGaIn technique results in

R2�PP w. EGaIn ¼ Rsampleþ2REGaIn/sample with the last term ac-

counting for the voltage drop associated with the contact

resistance between EGaIn and sample. Here it has been

assumed that the bulk resistance of EGaIn and any contact

resistance between sensing electrode and EGaIn may be

neglected due to the aforementioned high electrical

https://doi.org/10.1016/j.ijhydene.2022.11.318
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Fig. 3 e In-plane electrical conductivities
�
sip

�
of ‘as received’ highly filled conductive polymer composites (CPCs) measured

with the illustrated two- and four-point probe techniques at a current of 1 A. Error bars indicate ± one standard deviation. 2-

PP: two-point probe. 2-PP w. EGaIn: two-point probe with EGaIn contacts. 4-PP: four-point probe. L: distance between

sensing probes. Please see Section Materials and methods for a description of the samples and setup.
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conductivity of EGaIn
�
>104 S cm�1

�
and good wetting of

the metal electrode by EGaIn. Finally, in the 4-PP technique,

where voltage-measuring electrodes are situated on the

sample of interest, it may be assumed that the measured

resistance equals the sample resistance, i.e., R4�PP ¼ Rsample.

The above considerations may be used to obtain an esti-

mate of the areal contact resistance
�REGaIn=sample

�
between

EGaIn and sample by subtracting the sample resistance from

the resistance measured by the 2-PP w. EGaIn technique, i.e.,

REGaIn=sample ¼ REGaIn=sample,2AEGaIn ¼ ðR2�PP w:EGaIn � R4�PPÞ,
AEGaIn. Applying this to the investigated samples result in

REGaIn=sample ¼ 0:85±0:12 mU cm2. As a comparison, this value

is almost 30 times lower than the contact resistivity of an un-

polished BMC bipolar plate surface and a Toray carbon paper at

6.5MPa [20], and nine times lower than between a Toray TGPH-

060 gas diffusion layer and a polyvinylidene fluoride/graphite

(35 wt.%)/multi-walled carbon nanotube (5 wt.%) composite

[23]. A recent target for the contact resistance between bipolar

plate and gas diffusion layer set by the US Department of En-

ergy is <10 mU cm2 [37], with several authors having reported

contact resistances in fulfillment of this target and down to

roughly 2 mU cm2 [27,38e40]. Our estimated areal contact

resistance between EGaIn and sample will be applied to the

through-plane electrical conductivity results.

Through-plane electrical conductivity

The measured through-plane electrical conductivities ob-

tained with either CPs or EGaIn as contact material are pre-

sented in Fig. 4a. With CPs, the compensated stp (see Eq. (3)) is

seen to almost double from 10 S cm�1 at 4.2 bar to 19 S cm�1 at

20.1 bar. The conductivity increase with pressure results

mainly from the decrease in interfacial resistance between

the CP and sample due to an increased effective contact area
caused by deformation of surface asperities on the CP and

sample surfaces [27]. Observing the discrepancy between the

compensated and uncompensated stp, a decreased relative

deviation from 42% at 4.2 bar to 27% at 20.1 bar is noted. To

some degree, this is influenced by an increased effective

contact area between CP and electrodes, but the resistivity of

CPs also depend on compressive pressure due to the forma-

tion of fiber cracks and a resulting alteration of conductive

pathways [41].

Fig. 4a indicates an up to six times higher measured stp

using EGaIn as contact material in contrast to CP contacts.

Besides the comparatively higher conductivity of EGaIn

compared to CP, this could be due to EGaIn more easily con-

forming to the surface topography of the sample than the

solid CPmaterial, thereby increasing the effective contact area

and hence reducing the contact resistance [7].

Since the contact resistance between EGaIn and highly fil-

led CPC sample is normal to the sample surface, and the dif-

ference between the approach in Fig. 1b and the 2-PP w. EGaIn

technique lies solely in the current flow direction through the

sample, the areal contact resistanceREGaIn=sample from in-plane

electrical conductivity measurements can be used to

compensate for contact resistance in stp-measurements.

Hence, REGaIn=sample is multiplied by the area of EGaIn contacts

from stp-measurements to obtain a representative contact

resistance contribution to stp. Subtracting this resistance from

the total resistance measured with the setup in Fig. 1b for ‘as

received’ samples results in s
comp
tp ¼ 76±9 S cm�1, a value 46%

larger than the uncompensated s
uncomp
tp ¼ 52±4 S cm�1, Fig. 4a.

Fig. 4b shows the variation of stp with surface roughness of

the highly filled CPC surface. Overlap of stp at all three

roughness-values is observed. The lower values of stp ob-

tained for surfaces with Sa ¼ 6.5 ± 2.0 mm suggest a greater

contact resistance due to poorer wetting of the rough surface.

https://doi.org/10.1016/j.ijhydene.2022.11.318
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Fig. 4 e (a) Measured through-plane electrical conductivities
�
stp

�
of ‘as received’ highly filled CPCs at a current of 1 A.

Reported results are based on four and three samples for the EGaIn-method and carbon paper-method (CP), respectively.

Compensated values with CP contacts are based on Eq. (3) while with EGaIn contacts, compensated values are found by

subtracting the areal contact resistance between EGaIn and highly filled CPC sample from the measured resistance. Error

bars indicate ± one standard deviation. (b) Measured stp at a current of 1 A for highly filled CPCs of various arithmetic mean

areal surface roughness ðSaÞ. The sample surface roughness and corresponding mean conductivities are: Sa ¼ 6.5 ± 2.0 mm

and stp ¼ 58 ± 3 S cm¡1; Sa ¼ 3.0 ± 0.3 mmand stp ¼ 62 ± 4 S cm¡1; Sa ¼ 0.65 ± 0.07 mmand stp ¼ 64 ± 4 S cm¡1. Five different

samples were tested at each surface roughness. (c) Light optical microscopy image of an ‘as received’ highly filled CPC (dark

grey) pre-coated with EGaIn (silver). The dark spots, some of which have been highlighted by green circles, are regions not

wetted by EGaIn. (For interpretation of the references to colour in this figure legend, the reader is referred to theWeb version

of this article.)
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As can be seen in Fig. 4c, precoating with EGaIn does not

ensure uniform wetting of the substrate. It can be expected

that the lower surface energy of PPS compared to the

conductive fillers causes EGaIn to preferably wet the latter.

Thus, returning to the SEM image, Fig. 2, the white spots could

indicate local areas of PPS at the surface which may hinder

uniform wetting of the substrate. Additionally, with a head

diameter on the order of millimeters, the cotton swabs used

for precoating the substrate are expected to have more diffi-

culty distributing the EGaIn in valleys of relatively rough

surfaces, thereby offering a possible explanation for the trend

observed in Fig. 4b. So, the proposed method appears less

suited to study rough surfaces. Yet, highly filled CPCs for fuel

cell bipolar plate applications in general benefit from pos-

sessing smooth surfaces due to lower contact resistance and,

hence, lower voltage drop [42]. Thus, the proposed approach

may be a viable alternative to characterize stp for said

applications.
Conclusions

Measurements of through-plane electrical conductivities
�
stp

�

on highly filled conductive polymer composites using either (i)

carbon papers as contact material with externally applied

pressure, or (ii) a liquid gallium-indium eutectic alloy (EGaIn),

result in higher measured stp by adopting the latter method.

Thus, with EGaIn as electrical contacts a decrease in contact

resistance is observed, resulting in stp-values more closely

resembling those of the composites. Furthermore, as the

method of EGaIn as contact material is pressure-independent,

comparison of experimental results between laboratories is

expected to become more straightforward.

It would be fruitful to investigate the applicability of

alternative metals to EGaIn that, similarly, are liquid at room

temperature, e.g., GaInSn eutectic alloy (‘Galinstan’) [32]. An

alternative approach could be to use conductive colloidal gels

https://doi.org/10.1016/j.ijhydene.2022.11.318
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with conductive granular fillers such that the contacts possess

a yield stress sufficiently high to allow forming stable contacts

and prevent sedimentation of the granular fillers.
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