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H I G H L I G H T S  

• Reliability of ICR measurements depends on the position of the current contacts. 
• Central and mid-edge positions for voltage drop reading are also compared. 
• Method with four currents path and central position for reading the voltage drop. 
• The method assures more uniform current flow and potential distribution.  
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A B S T R A C T   

The interfacial contact resistance (ICRBPP-GDL) between the bipolar plates (BPPs) and gas diffusion layers (GDLs) 
plays a major role in proton exchange membrane-fuel cells (PEMFCs) efficiency. Accordingly, materials selection 
based on ex-situ ICRBPP-GDL determination is a useful tool, provided accurate through-plane resistance mea
surements are ensured; in this sense, an experimental study was conducted. To this end, two square-shaped 
samples of equal areas, one from stainless steel (a low cost BPP material), and one from carbon paper (a 
widely used GDL material) were placed (both separately, and stacked) between two planar Cu electrodes, and the 
through-plane resistance of the as-formed measuring cell was determined at various applied clamping pressures 
(p). It was found that although falling into the same order of magnitude (tens of mΩ cm2), the results extracted 
from these measurements as ICRBPP-GDL (p) are affected by the non-uniformity of the current flow through the 
measuring cell, and also by the position of the voltage pick-up contacts. It was concluded that if reasonably 
uniform path is ensured for the biasing current by splitting this into four equal currents, and if central points are 
used for voltage pick-up, realistic results are expected.   

1. Introduction 

Hydrogen is foreseen to play an important role in the future sus
tainable society if the goals for reduction of emissions set out by the IPCC 
climate report (https://www.un.org/en/climatechange/reports) as well 
as the COP 26 agreement (https://ukcop26.org) are to be reached. 
Proton Exchange Membrane Fuel Cells (PEMFCs) produce electricity by 
converting hydrogen and oxygen into water, rendering it a zero emission 
technology. The Bipolar Plates (BPP) are essential components when 
combining single fuel cells into a stack. In addition to being a physical 
separator between single cells, the bipolar plates have several important 

tasks: they manage the gas and water within the stack, remove heat from 
active areas and conduct current in between single cells in the stack. In 
order to be cost competitive while also comply with all these demands in 
the acidic PEMFC environment, the bipolar plates need to have high 
corrosion resistance and mechanical strength. In addition, a key target 
listed in Table 3.4.8 from the 2016 edition of the US Department of 
Energy Multiyear R D& D Plan (https://www.osti.gov/biblio/1219578- 
multiyear-research-development-demonstration-plan), is that the inter
facial contact resistance (ICRBPP-GDL) between the BPP and the Gas 
Diffusion Layer (GDL) should be less than 10 mΩ cm2 for internal power 
loss minimization reasons. In this sense, ex-situ ICRBPP-GDL determination 
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has become a common preliminary test [1–19] used to identify potential 
BPP candidates. Whereas stainless steel is nowadays a material of pri
mary interest for low cost BPPs [20], carbon paper is often used for GDLs 
[21]. 

Several studies focused on ex-situ ICRBPP-GDL determination have 
revealed the fact that measurements conducted on similar materials 
under similar clamping pressure conditions do not always render similar 
results (see Table. 3 in Ref. [20] for a comprehensive review): thus, for 
non-coated stainless steel BPPs and carbon paper GDLs assemblies 
subjected to compacting forces like those applied in the operating fuel 
cell stacks (140 N cm− 2 to 150 N cm− 2), interfacial contact resistances 
from tens to hundreds of mΩ cm2 were reported. Such a spread in the 
ICRBPP-GDL values is primarily attributed to some inherent differences in 
the surface morphology or in the chemical composition of the BPP 
and/or GDL samples used in these tests, but it still remains of interest to 
find out if and to what extent, a certain widely accepted assumption (in 
fact, a hidden hypothesis) may deviate the measurement procedure from 

a realistic approach. According to this assumption, the biasing electric 
current is regarded as flowing uniformly through the measuring cell 
(built from thin planar samples stacked between two planar electrodes), 
which means that the macroscopic Ohms’ law U = R⋅I holds regardless 
the cell geometry (here, U is the voltage drop across the cell, I is the 
current through this, and R is the cell resistance). In fact, if the results 
from measurements based on this assumption may be accepted as reli
able for specimens of large length-to-transverse size ratio and uniform 
cross section, these results become questionable when this ratio is 
inverted (i.e. when flat measuring cells are used). In addition, it is often 
assumed that if samples from similar BPP and GDL materials are used, 
similar ICRBPP-GDL results are expected, regardless their shape (rectan
gular, circular, etc.). One may then conclude that the reliability of low 
resistance measurements on conducting plates will not be affected by the 
positions of the biasing current contacts and/or of the voltage pick-up 
points. Finally, it is often assumed that the through-plane resistances 
of the BPP and GDL samples are negligibly small compared to RBPP-GDL 
(to some extent this is justified for metal BPP samples). 

For measuring procedures and devices, various solutions (more or 
less adapted for high precision through-plane resistance measurements), 
from DC (Kelvin-type micro-ohmmeter [15,22,23] or 
Ammeter-Voltmeter (A-V) circuit [1,24]), to impedance [25] or lock-in 
[6] a.c. techniques were used. 

The present work aims to bring ex-situ experimental evidence of the 
fact that using biasing currents of different degrees of uniformity, and 
different positions of the voltage pick-up contacts will lead to different 
results in interfacial contact resistance measurements. Square-shaped 
copper electrodes, stainless steel bipolar plates and carbon paper gas 
diffusion layers were used. In order to ensure sufficiently high precision 
results an original equipment was built, and a numerical signal pro
cessing procedure was designed; the final results are presented as the 

clamping pressure dependence of the ICRBPP-GDL. 

2. Experimental work 

2.1. The principle of the method 

Consider a pair of identical planar electrodes (E1, E2), a BPP sample, 
and a GDL sample, from which a measuring cell is built in three different 
serial configurations (Fig. 1). The cell is subjected to a clamping 

pressure (p), and its transverse electrical resistance (presumably 
pressure dependent) is measured in each of the three stacking variants; 
let R1(p), R2(p), and R3(p) the corresponding quantities. Then, denoting 
by 2RE(p), RBPP(p), and RGDL(p) the through-plane (bulk) resistances of 
the E1, E2 pair, BPP, and GDL, respectively, and by RE-BPP(p), RE-GDL(p), 
and RBPP-GDL(p) the interfacial contact resistances between these cell 
components, if uniform flow of the biasing current is assumed, the 
following relations:   

result. Furthermore, by eliminating RE(p), and substituting RE-BPP(p), 
and RE-GDL(p) one obtains: 

RBPP− GDL(p)= R3(p) −
1
2
[R1(p)+R2(p)+RBPP(p)+RGDL(p)] (2) 

Here, RBPP(p) and RGDL(p), will be treated separately, with reference 
to the BPP, and GDL samples used in our measurements, a stainless steel 
plate, and a carbon paper, respectively. As it will be shown in Section 3 
(Results and discussion), the as-measured cell resistance (Rcell) values i. 
e. R1(p), R2(p), and R3(p) lie in the range of tens of mΩ, which is the 
usual case. In what concerns the BPP, a calculation based on 
manufacturer-supplied data yields through-plane resistance values in 
the μΩ range, which is by four orders of magnitude less than Rcell, thus 
making reasonable the assumption of negligibly small contribution to 
Eq. (2). In what concerns the GDL sample, a similar calculation yields for 
the through-plane resistance values only by one order of magnitude less 
than Rcell, which means that RGDL(p) cannot be neglected in Eq. (2). Yet a 
simplification may still be made, based on the observed fact that 
clamping pressure values in the MPa range (like in real PEMFC stacks) 
will cause permanent thickness reduction (by plastic deformation) of the 
carbon paper, which in turn will decrease the material compressibility, 
thus reducing the effect of subsequent clamping pressure. Hence, if the 
fact that the major contribution of the GDL sample to Rcell is of inter
facial contact nature is taken into account, replacing the RGDL(p) 
dependence with a constant value, say RGDL, is justified. Under these 
circumstances, Eq. (2) may be rewritten as: 

RBPP− GDL(p)= R3(p) −
1
2
[R1(p)+R2(p) − RGDL] (3) 

Fig. 1. The three measuring cell configurations considered in our experiments; all the resistances contributing to the cell through-plane resistances R1(p), R2(p), and 
R3(p) are connected in series. 

(a) 2RE(p) + RBPP(p) + 2RE− BPP(p) = R1(p)
(b) 2RE(p) + RGDL(p) + 2RE− GDL(p) = R2(p)
(c) 2RE(p) + RBPP(p) + RGDL(p) + RE− BPP(p) + RE− GDL(p) + ​ RBPP− GDL(p) = R3(p)

(1)   
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The above measuring scenario (which will be applied in the experi
ment) involves approximations suitable for thin BPP and GDL samples. 
However, for plates of larger thickness RBPP(p), and RGDL(p) determi
nation may be considered. In this case, under uniform distribution of the 
current density through the plates, RBPP and RGDL may be determined in 
a way similar to that first proposed by Sadeghifar [22]. This consists in 
repeating the two single-plate measurements (see Fig. 1 a, and Fig. 1b), 
with BPP, and GDL samples of the same geometry, grade, and surface 
condition, but having the thickness modified say, by factors α and β, 
respectively, which means that the new through-plane resistances will 
be α RBPP, and β RGDL. Then, if R4(p) and R5(p) are the new as-measured 
cell resistances, the first two Eq. (1) will be replaced with: 

(a′

) 2RE(p) + αRBPP(p) + 2RE− BPP(p) = R4(p)
(b

′

) 2RE(p) + βRGDL(p) + 2RE− GDL(p) = R5(p)
(4) 

and Eq. (2) becomes: 

RBPP− GDL(p) = R3

(

p) −
R1(p) + R2(p)

2
−

R1(p) − R4(p)
2(1 − α) −

R2(p) − R5(p)
2(1 − β)

(5) 

Finally, if the BPP and GDL samples have the same surface area, say 
Sp, the interfacial contact resistance will be calculated as: 

ICRBPP− GDL(p)=Sp⋅RBPP− GDL(p) (6) 

Clearly, the small values (mΩs to tens of mΩs) of the through-plane 
resistance of such cells will require accurate measurements; to this end, 
an experimental setup, presented in the next section, was designed. 

2.2. Through-plane measurements setup 

In Fig. 2 the paths of the biasing current flow through the measuring 
cell, and the contacts for the voltage reading are indicated. Thus, two 
single current paths (Fig. 2a, and b), and a four currents path (Fig. 2c) were 
considered for biasing, and two pairs of contact points placed in the 
central (C,C′) and mid-edge (M,M′) positions were used for reading the 
voltage drops across the cell, uCC’, and uMM’, respectively. 

As the more precisely the cell resistance is measured, the more ac
curate ICR values will result, an original solution for small resistance a.c. 
measurements was proposed to this end; in Fig. 3 the experimental setup 
diagram is shown. Here, the AF oscillator KH5700 (KROHN-HITTE) is 
used to generate a low frequency a.c. voltage signal (30.17 Hz, trian
gular waveform), which is amplified by means of the bipolar amplifier 
BOP50-2 M (KEPCO) having a serial circuit as a load. The load circuit 
includes a current limiting resistor (RL = 68.00 Ω), the measuring cell 
connected through a configurable network of eight identical resistors 
(Re = 2.00 Ω, exceeding by two orders of magnitude the cell resistance), 
and a calibrated current sensing resistor (Ri = 1.003 Ω). By means of 
keys k1, k2, …k3’, k4’ all the biasing combinations depicted in Fig. 2 may 
be rendered, whereas in all the biasing variants the voltage drop ui(t) =
Ri∙i(t) will be considered as a direct measure of the current i(t) flowing 
through the cell. 

A pair of 50 mm × 50 mm x 5 mm Cu electrodes, a 30 mm × 30 mm x 
2.00 mm AISI 446 stainless steel (www.metalcor.de/en/datenblatt/54/) 

BPP sample, and a 30 mm × 30 mm x 350 μm Spectracarb™ 2050A- 
1550 carbon paper (http://www.eftspectracorp.com/forms%202016/ 
TDS00202282050A155029.pdf) GDL were used in building the 
measuring cell. The GDL sample was subjected to several loading cycles 
up to 3.8 MPa, which caused thickness reduction to 260 μm. The contact 
faces of the Cu electrodes, and the top and bottom faces of the BPP 
sample were polished using KLINGSPOR™ PS11A-P600 SiC grinding 
paper (https://www.klingspor.co.uk/products/abrasive-sheets/ps 
-11-a/pdf); clearly, higher grit ensures finer surface roughness, and 
therefore lower ICR (e.g. Ref. [26]), but our choice was to maintain 
surface condition close to that in industrial PEMFCs. The cell compo
nents were then cleaned in ultrasound acetone bath prior to mounting. 

During measurements, the cell was subjected to clamping pressures 
from 0.57 MPa to 1.90 MPa applied in 0.19 MPa steps by means of a P. 
I.88.00 (OMEC) hydraulic press. Voltages ui(t), uCC’(t), and uMM’ (t) are 
collected and then processed in the DIFF.AMP.UNIT containing 3 d.c.- 
coupled differential amplifiers of gains gi = 10, gc = 100, and gm = 100, 
respectively. The unit was built from precision electronic parts, 
including a 10 MHz bandwidth operational amplifier LF357 (NA
TIONAL) per channel, and 0.5% precision resistors. The output signals 
gi∙ui(t), gc∙uCC’(t), and gm∙u MM’(t) were then recorded as ASCII files via 
PC-controlled 16 bit resolution analog-to-digital conversion, by means 
of the ECON series DT 9816 (DATA TRANSLATION) simultaneous 
channels data acquisition board. 

3. Results and discussion 

The as recorded output signals were digitally processed, in order to 
obtain the families uCC′(i)p = const, and uMM′(i)p = const of characteristics. 
The results as plotted in Fig. 4, Fig. 5, and Fig. 6 indicate the fact that 
unlike in the ideal case, in which these characteristics are expected to 
coincide (one by one, and for the same given sample and clamping 
pressure), differences in slope occur both for the three biasing current 
paths and for the two positions of the voltage pick-up contacts. As ex
pected, the slopes decrease as the clamping pressure increases in all the 
biasing cases (the arrows in these figures visually indicate the pressure 
increase), thus confirming the progressive strengthen of the contact 
between the measuring cell components. Yet, it is worth noting that 
these differences in slope are notably smaller in the case of the four 
currents biasing path variant, in other words in the case of a better 
uniformity of the biasing current flow. It is also confirmed that the major 
contribution to the through-plane resistance of the measuring cell is 
provided by the interfacial contact between the constitutive parts (E1, 
E2, BPP, and GDL). 

As visible from Figs. 4, Fig.5, and Fig.6, the uMM′(i) and uCC′(i) 
characteristics are linear. Accordingly, accurate determination of the 
cell through-plane resistance values was performed by least squares 
minimization fitting these characteristics to robust straight line, using 
the form: 

y= a + b⋅x (7)  

where y is the voltage drop across the cell, x is the current through this, 
the intercept a of the ordinate axis is the output voltage error component 

Fig. 2. The paths of the biasing current (i), and the voltage pick-up contacts considered in our study: a) single current with uMM’ reading similar to the classical A-V 
method, b) single current with uMM’ reading similar to the 4 wires (Kelvin) Ohmmeter method, and c) four currents (i’ = i/4). 
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(here, in the mV range) caused by imperfect input offset voltage 
cancellation, and the slope b is the cell resistance; a coefficient of 
determination (r2) exceeding 0.9998 resulted in all cases (r2 = 1 cor
responds to perfect match of the fitting function to the experimental 
data), which confirms the goodness of the fit, as well as the accuracy of 
the measuring method. 

Once the cell resistance values were determined for all the six 
measuring variants, the R1(p), R2(p), and R3(p) dependences were ob
tained; in Fig. 7 the results are plotted. One can remark that although the 

cell resistance values fall into the usually reported numerical range (tens 
of mΩ), significant differences occur between the Rcell values calculated 
using the uMM’ data from any of the two single current biasing paths, 
compared to those from the four currents path (Fig. 7a,b,c); on the 
contrary, the Rcell values calculated using the uCC’ data are considerably 
closer, regardless the biasing path (Fig. 7d,e,f). 

These differences are consistent with the fact that the electrodes are 
larger in size than the sample plates (a common practice [2,5,13,16,27, 
28]), which complicates the current flow through the electrodes. Thus, 

Fig. 3. Experimental setup for accurate ICR measurements (schematic); by means of keys k1, k2, …k3’, k4’ the biasing currents paths are controlled: k1, k1’ closed 
renders the connections in Fig. 2.a), k3, k3’ closed those in Fig. 2.b), and all the keys closed yields the case in Fig. 2.c). 

Fig. 4. The uMM′(i)p = const, and uCC′(i)p = const families of characteristics for the single current biasing path depicted in Fig. 2.a), using: a) the BPP sample, b) the GDL 
sample, and c) the BPP + GDL stack as a sample. 

Fig. 5. The uMM′(i)p = const, and uCC′(i)p = const families of characteristics for the single current biasing path depicted in Fig. 2.b), using: a) the BPP sample, b) the GDL 
sample, and c) the BPP + GDL stack as a sample. 
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an effective in-plane resistance connected in series with the through-plane 
cell resistance between the uCC’ pick-up contacts, and attributed to the 
current flow from the biasing contacts (at the electrode edge) towards 
the central area (overlapping the samples) may be assumed. Accord
ingly, the voltage drop across this serial resistance may explain the 
differences between the uMM’ and uCC’ data sets (see Figs. 4–6), as well as 
the differences between the calculated Rcell(p) dependences plotted in 

Fig. 7a,b,c, and those plotted in Fig. 7d,e,f. An explanation to the fact 
that these differences are smaller in the case of the four currents path is 
that the biasing current flow is eased when injected throug four sym
metrically placed contacts. In what concerns the Rcell decrease with 
increasing compression, this is mainly attributed to the enhancement of 
the interfacial contact between the components of the measuring cell, 
and the fact that R2(p) the resistance of the cell containing the GDL 

Fig. 6. The uMM′(i)p = const, and uCC′(i)p = const families of characteristics for the four currents biasing path depicted in Fig. 2.c), using: a) the BPP sample, b) the GDL 
sample, and c) the BPP + GDL stack as a sample. 

Fig. 7. Pressure dependence of the measuring cell resistance as derived from the uMM′(i)p = const, and uCC′(i)p = const families of characteristics; the single current and 
four currents biasing paths in Fig. 2 were used. 

Fig. 8. ICRBPP-GDL(p) dependence calculated from the experimental data plotted in Fig. 7.  
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sample (diamond symbols in Fig. 7) exhibits the lowest decay compared 
to R1(p), and R3(p) is ascribed to the fact that the above contact 
enhancement takes place at pressures below the experimental range. 

Finally, using Eqs. (3) and (6), the ICRBPP-GDL(p) dependences were 
calculated from the R1(p), R2(p), and R3(p) data, and plotted in Fig. 8. 
Calculations were performed using 1.09 mΩ for RGDL, as derived from 
Eqs. (9) and (10) in Ref. [8], and starting from the 1.7 mΩ value derived 
from manufacturer’s data (Spectracarb™ 2050A-1550 carbon paper 
exhibits 350 μm thickness, 78% porosity, and 15 mΩ cm2 specific 
through-plane resistance at 200 kPa compression), as an effect of the 
thickness reduction (by plastic deformation) from 350 μm to 260 μm, 
caused by preliminary loading. However, due to actually small contri
bution to Rcell, any further pressure dependence of this resistance was 
neglected. 

As a first observation, unlike the Rcell(p) dependences, the ICRBPP- 

GDL(p) dependences calculated from the uCC’ data are greater than those 
from the uMM’ data (note that these two signals were always recorded 
simultaneously), regardless the current biasing variant. To the present, 
there is no evidence that this is a general rule, or it depends on the 
surface condition of the cell components; the question remains open. 

As a second observation, the four currents path always leads to lower 
ICRBPP-GDL values compared to their single current path correspondents. 

Under these circumstances, the four currents biasing path in 
conjunction with the uCC’(t) voltage pick-up option appears to be the 
most realistic ICR measurement option. 

4. Conclusions 

Ex-situ determination of the clamping pressure-dependent ICR be
tween stainless steel BPP and carbon paper GDL was performed in 
square plates geometry, and four measuring combinations: two different 
paths (single current and four currents) of the biasing electrical current, 
and two different combinations (mid-edge or central) of the voltage pick- 
up contacts positions. To this end, an original setup, suitable for preci
sion measurements of small through-plane electrical resistance, and 
enabling simultaneous records of the biasing current (triangular wave
form, 31.7 Hz frequency, 0.68 A amplitude) and of the two voltage pick- 
up signals, was designed. The measurements have shown that, 
depending on the current biasing and voltage measuring contact points 
combination, notable differences (exceeding 100% in several cases) may 
occur between the as-determined ICR values, yet all within the con
ventional order of magnitude (e.g. tens of mΩ cm2 for stainless steel 
BPP/carbon paper GDL pair of samples). Such differences are primarily 
attributed to the different degrees of non-uniformity (produced by the 
positions of the biasing contact points) of the current flow through the 
measuring cell. It is expected that more realistic results may be obtained 
if the uniformity of the current flow will be improved by extending the 
number of the biasing points, by increasing the thickness of the Cu 
electrodes, and also by building measuring cells of cylindrical symmetry; 
a research aiming to bring new insights is in progress. 
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