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Abstract
Titanium polymer composites are evaluated concerning their suitability as bipolar plates in acid water electrolysis as a 
replacement of milled Titanium bipolar plates. It turns out that our highly filled polymer composites with 80 wt.-% Tita-
nium powder meet all criteria given by US Department of Energy concerning electric conductivity and mechanical stability. 
Concerning the electrochemical corrosion test, an improved behavior is obtained by coating the composites by a 0.5 � m 
thin Titanium layer. The coated Titanium composite bipolar plate has been successfully integrated in a PEM fuel cell. The 
polarization curves show good electrolysis performances for short time, but further improvements on the coating and the 
surface roughness need to be made for long-time stability.
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1  Introduction

The worldwide hydrogen consumption has increased con-
tinuously in the last few decades from around 18 Mt in 
1975 to around 90 Mt in 2020. The demand will very likely 
continue to rise, even more strongly, because hydrogen is 
becoming more and more attractive as a sustainable energy 
carrier [1–3]. In terms of generation, about 96% of the global 
amount of hydrogen is currently obtained from fossil raw 
materials, e.g., through natural gas steam reforming, which 
in 2018 caused about 830 Mt of carbon dioxide emission 
as a by-product during the generation process and through 
coal and natural gas extraction and transport. This amount 

is roughly equivalent to the CO
2
 emissions of an industrial 

nation like Germany [4–6]. For a sustainable “green” hydro-
gen production, water splitting by electrolysis technologies 
is more and more sought after. In particular, the Proton 
Exchange Membrane (PEM) electrolysis is interesting for 
coupling with intermittent renewable energy sources, as it 
offers fast ramp-up times and works in a wide partial load 
range. Further advantages are the compact design, a higher 
power density and gas purity compared to alkaline elec-
trolysis. However, the main obstacles to the establishment 
of PEM electrolysis are the high costs and low durability 
[7]. One component in the PEM electrolyzer is particularly 
expansive and accounts for around 50% of the stack costs 
and around 25% of the total system costs: the bipolar plates 
(BPPs) that separate the individual electrochemical cells and 
function as current and heat conductors [8–10]. To with-
stand the extreme electrochemical loads of a low pH value of 
around 2 and a high voltage of up to 2 V during electrolysis, 
titanium or stainless steel is used as material for the plates, 
which are expensive to purchase, manufacture and process 
(e.g., by milling) [11]. In the case of stainless steels, the 
necessary surface refinement to improve the chemical sta-
bility causes additional costs. To significantly increase the 
economic efficiency of PEM electrolyzers, it is, therefore, 
urgently necessary to develop more cost-effective materi-
als as well as manufacturing processes for BPPs. For this 
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purpose, various approaches are being investigated. Inexpen-
sive coatings and deposition technologies are being studied 
intensively to protect plates, especially made of stainless 
steel, which are easier to deform compared to titanium plates 
[8, 12–14]. In addition, new BPP concepts are proposed, 
with additive manufacturing and 3D printing [15–17].

Recently, a titanium-coated molded graphite conductive 
plastic BP for use in PEM electrolysis cells was presented 
[18]. Composite BPPs have already been evaluated as cost 
effective for PEM fuel cells; their fillers consist of graph-
ite or carbon [19–21], which cannot be used (uncoated) as 
anode in PEM electrolysis cells due to the material deg-
radation at the higher voltage during water splitting. The 
use of composite materials as BPP material instead of full 
metal BPP is advantageous because, in addition to the mate-
rial cost savings through the partial use of a cheap polymer, 
processing and end plate molding can be achieved by hot 
pressing or injection molding, which enables further savings 
in production costs [22]. In this context, this work presents 
a new type of Ti composite as an alternative material to 
conventional metal BPPs for PEM electrolyzers. Here, we 
present and discuss the three-dimensional (3D) microstruc-
tural, electrical, mechanical and electrochemical properties 
of this highly filled and astonishingly conductive composite 
with different metal–polymer compositions. We further-
more discuss how microstructures and morphology might 
correlate with the macroscopic properties of the composite. 
As result of the experiments, we found that the composite 
composition with 80 wt.-% Ti meets all requirements as a 
PEM electrolysis BPP. Thus, we manufactured composite 
BPPs with this composition, integrated it into a standard 
electrolysis cell and tested in an electrolyzer test stand with 
a protective titanium coating. Our results were compared 
with identical measurements from an electrolysis cell with 
standard Ti BPPs and we found that the composite BPP cell 
achieve promising initial performance but still have further 
potential for optimization.

2 � Experimental

Material and BPPs preparation The manufacturing process 
of the composites was developed and carried out by Eisen-
huth GmbH. A polymer powder as well as a Ti powder are 
mixed and compounded. Hot compression is carried out to 

fabricate the final form. Two commercially available ther-
moplastic fluoropolymers, polyvinylidene fluoride (PVDF) 
powders Kynar 705® and Kynar 720®, were used to prepare 
five plates with the composition as listed in Table 1. The 
diameter of the plates is approximately 19 cm and the thick-
nesses are about 5 mm. In addition, BPPs were prepared for 
the PEM electrolyzer test station. The final forms and the 
flow fields are realized by a milling process.

Protective coating The sample coating with titanium was 
carried out using two different sputtering tools. A PECS TM 
(Precision ion polishing system) tool from Gatan was used 
to coat small samples for electrochemical analyzes (size: 
approx. 2 * 1.5 cm2 ). The layer growth is about 0.14 nm/s 
at the set energy of the argon ions of about 10 keV. In order 
not to overheat the target, the deposition process is inter-
rupted after each 50 nm and restarted after a short pause to 
cool down.

A magnetron sputterer with a 4-inch chamber was used 
to coat the large BPPs. The deposition rate here is about 
(0.3–0.5) nm/s. With this device, too, the coating was inter-
rupted after a few minutes in order not to overheat the sam-
ples in the chamber. SEM images of the homogeneously 
coated surface are shown in Fig. 1d) and 1e).

Surface analysis The microstructure of the surfaces was 
examined with scanning electron microscopy (SEM). The 
ESEMTM mode of a Philips XL30 ESEM FEG microscope 
and the low voltage range of a FEI Versa 3D DualBeamTM 
microscope were used to avoid charging effects of the 
polymer.

To characterize the surface roughness, line scans 
with a length of 5 mm were carried out with an Ambios 
XP-2 TM Profiler. The arithmetical mean deviations (Ra 
=

1

L
∫ L

0
|z(x)|dx with the length L and the height profile 

z(x)) and the highest peak-valley distances (Rt) are calcu-
lated from these profiles. At least six different spots on the 
plates were investigated.

3D microstructure analysis The samples, cut as 5 * 5 * 5 
mm3 , were imaged using absorption contrast X-ray 
micro-computed tomography (micro-CT) in a GE phoe-
nix nanome|x (Tungsten source, 120 kV and 35 mA) with 
variable source-sample and sample-detector distances that 
resulted in pixel sizes that slightly varied among samples. 
For each sample, a total of 1001 projection images with an 
exposure time of 800 ms each was acquired by rotation over 
360◦ . Image reconstruction was performed by filtered back-
projection algorithm using the GE phoenix datos|x software 
integrated into the device. The tomograms obtained were 
exported as a stack of 16-bit TIFF images of 1000 * 1000 
pixels for further processing.

Electrical characterization The electrical conductivity 
was measured using a 4-point-probe at various spots (at least 
five different) on the plate surfaces. The needle distance is 
5 mm.

Table 1   Composition of prepared and characterized plates

Ti powder content in wt.-% PVDF 705 PVDF 720

70 Ti70-P705
80 Ti80-P705 Ti80-P720
90 Ti90-P705 Ti90-P720
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Mechanical tests For the compressive load tests with a 
Zwick Z050 tool and a load cell with 50 kN, the stress–strain 
curves were measured of five samples with an area of 10 * 4 
mm2 for each plate. The Young’s modulus and the compres-
sive strength are calculated according to the DIN EN ISO 
604 standard from these curves. Furthermore, three-point 
bending tests according to the DIN ISO 527 standard were 
performed to calculate the flexural strength with a tool from 
Hegewald & Peschke and a load cell with 10 kN. At least 
five samples of each composition with a length of 120 mm 
were examined.

Electrochemical corrosion test The corrosion resistance 
of the composite material compared to pure Ti (grade 2) 
was evaluated by determining the corrosion potential E

corr
 , 

the corrosion current density j
corr

 before and after an elec-
trochemical corrosion stress test under PEM environmental 

conditions. For this purpose, the potentiodynamic polariza-
tion curve were measured by linear voltammetry scan per-
formed at 1 mV/s and analyze by the Tafel method using the 
Gamry Echem Analyst software to determine the evaluation 
parameters. The corrosion test was performed potentiostati-
cally at a voltage of 2 V for 3 h. The measurements were 
carried out with a Gamry 600 potentiostat in a corrosion cell 
at 60 ◦C , in an oxygen saturated 0.5 mol H 

2
SO

4
 solution with 

the sample as working electrode (sample area 5 * 10 mm2 ), 
a platinum counter electrode and a reversible hydrogen elec-
trode as reference. Before the test, all samples were cleaned 
in a ultrasonic bath with water and isopropyl alcohol.

PEM electrolyzer test The electrolysis tests were carried 
out in a Greenlight Innovation test stand Series E in com-
bination with a 50 cm2 large baticfuelcells quick connect 
electrolysis cell. Ti BPP (grade 2) with a parallel flow field 

Fig. 1   Microstructure characterization. SEM images of the Ti80-
P705 composite, recorded simultaneously with a a secondary electron 
detector (SE) for the topology contrast and b with a back-scattered 
electron detector (BE) for the material contrast. c Micro-CT volu-

metric reconstruction of sample Ti90-P705, with Ti particles marked 
in red within a gray pseudo-transparent cube of polymer. d, e SEM 
image of a Ti80-P705 composite BPP after deposition of 700 nm tita-
nium
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were used for the measurement as well as for each test new 
porous transport layers of carbon paper on the cathode side 
and a titanium fleece on the anode side, a catalyst coated 
membrane of Nafion 115 with a loading of 1 mg/cm2 Pt/C on 
the cathode and 2 mg/cm2 Iridium black on the anode. For 
the performance comparison, the anode BPP was replaced 
by a geometrically identical Ti-coated composite BPP.

The following test protocol was carried out for the com-
parison measurements: 1) break-in phase: the cell was poten-
tiostatically conditioned at two voltages, 1.8 V and 2 V, for 
30 min each; 2) performance evaluation at the beginning 
of the test (BoT): galvanostatic polarization curves (PC) in 
steps of 120 s at 80, 60 and 40 ◦ C up to the termination volt-
age of 2.2 V; 3) galvanostatic stress test at 1 A/cm2 for 24 h 
or up to 2.1 V; 4) performance evaluation at the end of the 
test (EoT), like BoT. After measurement, the PCs were ana-
lyzed with a regression model according Santarelli et al. [23] 
(without mass transport) using the Levenberg–Marquardt 
algorithm implemented in the LMFIT python library [24] 
to extract the ohmic cell resistance.

3 � Results and discussion

3.1 � Microstructure, composition and roughness

Examplary SEM images of the composites surface are 
shown for the Ti80-P705 plate (Fig. 1). On Fig. 1b), the 
image contrast clearly highlights the metal particles (brighter 
areas) of different sizes ranging from 1 to 100 � m, which 
are embedded in the polymer matrix. The topology of the 
rough surface appears in Fig. 1a), with smooth Ti particles 
and fibrous polymer chains. A characteristic volumetric 
image by X-ray micro-CT imaging is shown in Fig. 1c) and 
a movie going through tomographic slices of a composite 
can be found in the supplementary files. The 3D scans show 
that the particles are homogeneously distributed throughout 
the volume of analysis.

We used the 3D micro-CT images to calculate the poros-
ity and volumetric composition of the samples. In addi-
tion, we calculated the Ti surface fraction from the SEM 
images at three different spots on each sample (image size: 
≈ 2100 * 1400 �m2 ), which are plotted in Fig. 2. With regard 
to the porosity determined from micro-CT analyzes, the 
samples are relatively non-porous with values below 1% and, 
in addition, the porosity decreases with a higher Ti powder 
content to about 0.2% for 90 wt.-%. Thus, a high Ti content 
is preferred for a low porosity in order to meet the dense 
material requirements for BPPs with low hydrogen diffusion. 
The calculations of the composition show that the Ti surface 
fraction is highest in the samples with a 90 wt.-% Ti content, 
as expected. However, the proportion for the concentrations 

70 wt.-% and 80 wt.-% remains the same. In addition, the 
volume fraction data at least confirm the Ti fraction trend 
just explained, although the resolution of the micro-CT is 
limited to some microns and only Ti particles with a size 
larger than 3 � m could be resolved, as already shown in 
Fig. 1c).

One surface profile per sample analyzed by a profilometer 
is shown in Fig. 3, together with the dependence of Ra and 
Rt on the composition on the right-hand side. It is evident 
from these diagrams that, if more Ti powder is used as a 
filler, the surface becomes rougher. While the composite 
with 90 wt.-% Ti is very rough with a value for Ra of 20 
� m and Rt up to 100 � m, the Ti70-P705 sample is much 
smoother (Ra value ≈ 4 � m) with smaller peak-valley dis-
tances up to 40 � m. For comparison, the Ra and Rt values 
for a similarly manufactured Ti plate are illustrated as well; 
these values are comparable to the composition with 70 
wt.-%.

The investigation of the surface roughness of BPPs is 
important, as this property has a decisive influence on 
the water management and the conductivity of fuel cells 
[25–27]. A very rough surface can increase the contact 
resistance and also damage the membrane or other cell 
components [26, 28, 29]. Regarding Ra and Rt in Fig. 3, 
the curves depending on the Ti powder concentration are 
similar to the trend of the Ti fraction in Fig. 2, even the high 
inhomogeneity for the 90 wt.-% samples is consistent. This 
correlation between filler concentration and roughness was 
also shown, for example, by Upadhyay et al. [30]. Thus, to 
meet smooth surfaces as requirement for BPPs, a lower Ti 

Fig. 2   Composition. Porosity and Ti fraction of the volume (filled 
symbols indicate data calculated from micro-CT volumetric images) 
and of the surface (open symbols indicate data calculated from SEM 
images) depending on the Ti powder content during manufacturing
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powder concentration is obviously preferable to reduce the 
roughness and inhomogeneity for this composite material.

According to the study by San et al. the optimal value 
range of the roughness is between 0.44 � m and 2.08 � m 
depending on the other cell components [26]. This range is 
consistent with other research results [25, 27, 31]. For our 
samples with a minimum Ra value of about 4 � m, a final 
surface polishing for smoother samples could be useful as a 
future task in order to improve the electrolysis performance.

3.2 � Electrical conductivity

The results of the electrical conductivity measurements are 
plotted in Fig. 4a). To use the Ti composite as BPP, the US 

Department of Energy recommends a conductivity above 
100 (Ωcm)−1 , which is met for Ti-Powder contents equal 
to or higher than 80 wt.-% [32]. The material reaches rela-
tively high values between 240 ( Ωcm)−1 and 330 ( Ωcm)−1 
compared to other investigated metal or carbon-based 
composites [33, 34]. The conductive network is apparently 
optimally connected for a Ti powder content of about 80 
wt.- %, since the conductivity does not increase with more 
Ti. With a Ti content of 70 wt.-%, an enormous drop in 
conductivity occurs, which suggests a severely weakened 
electrically conductive network [35]. This decrease can-
not be explained by a reduced metal concentration, which 
would certainly be the most intuitive explanation, since 
the Ti fraction of these two samples is similar (Fig. 2). 

Fig. 3   Surface roughness. 
Left: Profile curves of the com-
posite surfaces measured by a 
profilometer. Right: Calculated 
values of Ra and Rt are plotted 
(mean and standard deviation)

Fig. 4   Electromechanical properties. a The electrical conductivity, b the flexural strength, c the compressive strength and d the Young’s mod-
ulus for the different composite plates
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However, other characteristic parameters also influence 
the electrical conductivity of composite materials, which 
have been extensively investigated for example by Rad-
zuan et al. [36]. Based on this study, it is assumed here that 
the reason for the reduced conductivity is the increased 
porosity and probably a different Ti-PVDF interphase, 
since the same filler and polymer powder as well as the 
same manufacturing method were used for all samples.

3.3 � Mechanical stability

The BPPs must withstand a certain pressure load up to 
80 bar during the electrolysis process. However, they must 
also be flexible to a certain extent, as pressure gradients 
occur along the cell surface during water splitting. To inves-
tigate whether our composite plates meet both properties, we 
applied compressive load and bending tests. For the com-
pressive load test, the Young’s modulus and the compressive 
strength are calculated from measured stress–strain curves 
(Fig, 4c and d). All compositions reach similar values of 
about 2 GPa for Young’s modulus and about (90–120) MPa 
for the compressive strength, with the exception of those for 
the Ti90-P720 sample that achieves values about 2.5 times 
higher. These characteristics are sufficient to withstand the 
compression forces in the cell.

A three-point bending test was used to evaluate the flex-
ural strength, which are plotted in Fig. 4b) for our samples. 
The bending parameter decreases with higher Ti content; the 
material becomes less flexible. According to the US Depart-
ment of Energy, a sufficient flexural strength over 25 MPa 
is required so that BPPs can withstand bending moments 
during electrolysis [32]. This requirement is fulfilled here for 
Ti concentrations equal to or less than 80 wt.-% (Fig. 4b)). 
With a higher Ti powder content, a decrease in flexural 
strength is observed, which has already been determined 

in other research studies [35, 37, 38]. Kuan et al. explained 
this correlation of their graphite–resin composites with a 
weaker adhesion between filler and resin for a higher graph-
ite content and, furthermore, the higher porosity and voids 
for a lower filler concentration reduce the bending property, 
which, all in all, agrees very well with our analysis [35].

3.4 � Electrochemical corrosion tests

Figure 5 shows the polarization curves, corrosion potential 
E
corr

 and corrosion current J
corr

 before and after the stress 
tests of the Ti sample, a Ti-coated and an uncoated Ti80-
P720 sample as examples for the composite mixtures.

Regarding first the right diagrams of Fig. 5, the Ti sample 
shows a significantly better corrosion resistance with E

corr
 of 

221 mV and J
corr

 of 132 �A/cm2 compared to the two com-
posite variants. This corrosion resistance can be explained 
by the natural titanium oxide layer of the titanium [39]. The 
corrosion potential of the composites, on the other hand, is 
in the negative range at - 285 mV and the corrosion current 
densities are about a factor of 9 greater. After the stress test, 
the corrosion potential of the Ti-coated composite shifted 
into the positive range, the E

corr
 value of 300 mV is now 

in the comparable range of the Ti sample of 260 mV in the 
final state. The corrosion potential of the uncoated variant, 
on the other hand, is still in the negative range. The current 
densities of all samples are indistinguishable after the stress 
tests. This change of the corrosion potential after the stress 
tests is the result of the formation of a titanium oxide pas-
sivation layer on the Ti surfaces. Thus, after the stress test, 
the corrosion behavior of the Ti reference and the Ti-coated 
composite are comparable.

Considering the general trend of the curves in the left 
diagram of Fig. 5, the passivation region (at values greater 
than 0.9 V vs. RHE) of the Ti sample shows the typical flat 
behavior, and its intensity decreases after the stress test as 

Fig. 5   Electrochemical corro-
sion properties. Left: Polariza-
tion curves of a Ti sample (blue) 
and two Ti80-720 composites, 
without (orange) and with a 500 
nm thin Ti layer (green) before 
(solid line) and after (dashed 
line) the corrosion stress test. 
Right: The respective values 
for the corrosion potential and 
corrosion current density before 
and after the stress test
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expected for a growing passivation layer. In contrast, the 
passivation regions of the coated and uncoated composite 
samples are similar showing higher intensities, which do 
not decrease as much after the stress test as for the Ti sam-
ple; moreover, a continuous increase of the current density 
is observed for the composite samples in this range, which 
levels off after the stress test. The different trends especially 
between the Ti sample and the coated composite sample, 
which should have a comparable passivation behavior at 
least after the stress test due to the passivating oxide layer 
and the same corrosion potential, indicate that not only the 
composition of the surface material influences the passiva-
tion range. But, these characteristics are rather attributed to 
the surface morphology and roughness, which can have a 
strong influence on the passivation range [18], and in which 
the composite sample differs from the Ti (see Fig. 3).

After testing, SEM analyses (not shown here) were per-
formed to find out the effects on surface morphology, with 
the result that no significant changes in surface composition 
or structure occurred. Further, similar polarization curves 

and trends are also observed for the other composites, which 
were tested in the same way. No significant trends or cor-
relation between different Ti powder concentrations and the 
respective electrochemical properties are observed. How-
ever, the samples with an additional titanium coating show 
a higher corrosion potential (comparable to that of the Ti 
sample) as the uncoated composite material after the stress 
test. Thus, to achieve high corrosion resistance, which is 
required for BPPs, an additional titanium coating should be 
applied to the composite BBP for protection.

3.5 � PEM electrolysis test

We performed the PEM electrolysis test with a fabricated 
and Ti coated composite BPP with 80 wt.-% Ti and the poly-
mer PVDF 720, since this composition has the optimal elec-
tromechanical properties with similar good conductivities 
but better flexural strength and a smoother surface compared 
to the samples with 90 wt.-% Ti.

In Fig. 6 in the left diagram, the temperature-dependent 
polarization curves are plotted for the BoT and EoT state of 
the cell set-up with the composite BPP on the anode side. 
The curves show the typical shape for a PEM water elec-
trolyzer with its three phases: (i) the initial range at low 
current densities (< 0.15 A/cm2 ) which is dominated by the 
activation losses (Faradaic losses), (ii) the middle, nearly lin-
ear current density range (< 1 A/cm2 ), which is dominated 
by the ohmic losses, and (iii) the final range (> 1 A/cm2 ), 
which is influenced by the incipient mass transport losses 
[40]. Thereby, mass transport losses in region (iii) were 
neglected, and residual influences in the high-voltage region 
were deleted manually for the analysis in the illustrated 

Fig. 6   Temperature-dependent electrolysis performance. Polariza-
tion curves at 40 ◦ C (black), 60 ◦ C (red) and 80 ◦ C (blue). Left: Com-
parison of the cell test set-up with the Ti composite anode at BoT and 

EoT state. Richt: Comparison of the BoT cell set-up with the Ti anode 
and the Ti composite anode

Table 2   Calculated temperature-dependent ohmic resistance of the 
electrolytic cells with Ti and with Ti composite BPP on the anode 
in BoT and EoT state and the associated model uncertainty (standard 
deviation)

T (◦C) Sample state RTi

(mΩ cm2)

Rcomposite

(mΩ cm2)

Rcomposite - R Ti
(mΩ cm2)

40 BoT 431 ± 18 594 ± 7 +163
60 BoT 355 ± 12 517 ± 4 +161
80 BoT 306 ± 9 457 ± 2 +151
40 EoT 447 ± 18 723 ± 24 +275
60 EoT 399 ± 21 646 ± 20 +246
80 EoT 342 ± 13 540 ± 9 +197
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data. Furthermore, the curve shift with changing electrolyte 
temperatures shows the expected temperature-dependent 
behavior. The ohmic overvoltage decreases with increasing 
temperature due to the increase in ionic conductivity of the 
membrane. The change in 125 m Ω cm2 at a temperature 
difference of 40 K is within the usual range for a Nafion 
membrane [41, 42].

The right diagram in Fig. 6 shows the comparison of the 
electrolysis performance of the cell set-up with the BPP 
composite anode and that with the BPP titanium anode at the 
BoT state. The data show no significant deviation of the PC 
in the first sections. In contrast, significantly higher ohmic 
resistances occur for the composite BPP set-up in the second 
section. This difference is independent of the temperatures 
within the model uncertainty and averages 158  m Ωcm2 , as 
shown in Table 2.

The following stress test of the cell, which was supposed 
to run for 24 h, had to be stopped prematurely with the com-
posite BPPs after about 5 h when the break criterion of 2 V 
was reached, regardless of the temperature. In contrast, the 
cell with the Ti BPP did not reach the break criterion within 
the 24 h stress test.

After the stress test, the total ohmic cell resistance 
increases for both set-ups (see Table  2), although the 
increase for the Ti BPP set-up is within the model uncer-
tainty. In contrast, the ohmic resistance of the composite 
BPP set-up increases significantly compared to the BoT 
condition. Since all components—except for the BPP—
are assumed identical, this implies a significant electron 
transport inhibition over the components’ interfaces when 
using composite BPP. Moreover, the resistance difference 
decreases with higher temperature. This behavior can be 
understood as an inhibition of mass transport, indicating 
a degradation not only of electron-conducting interfaces. 
Therefore, it follows that the corrosion protection that should 

be achieved by the Ti surface coating is not successful in 
the long term. Although this was successful for the smaller 
samples for corrosion resistance. Thus, incomplete surface 
coating due to the complex geometry of the BPP is likely 
responsible for the degradation and a adjusted Ti coating is 
recommended.

3.6 � State‑of‑the‑art evaluation

For comparison with standard metal and new BPP materials, 
Table 3 shows the key data for the 80 wt.-% Ti composite 
BPP, the Ti BPP, as well as for other exemplary BPP materi-
als from the literature. Regarding the electrical conductiv-
ity and flexural strength, our composite reaches values that 
lie in the upper or middle value range compared with other 
composite materials, respectively1. Compared to metals, the 
conductivity of the composite is naturally smaller.

The cell voltage of the Ti BPP cell at 1 A/cm2 is slightly 
lower than that of the cell from Jung et al. who used plati-
num coated Ti BPP, a highly corrosion resistant coating for 
titanium that is often used as a reference material [43]. The 
cell voltage of the composite cell is in the middle range in 
comparison with other new bipolar plate materials from the 
literature, whose values, however, scatter relatively broadly 
between 1.6 V and 2.4 V. However, the performance values 
are difficult to compare with each other, as they depend very 
much on the exact cell set-up, operating conditions and, in 
addition to the BPP used, also on the other cell components.

Table 3   Key data for our Ti and 
Ti composite material as well 
as further materials from the 
literature

Sample composition Conductivity ( Ωcm)−1 Flexural 
strength 
(MPa)

Cell performance U 
at 1A/cm2 (V)

Ti80-P720 + 0.5 � m Ti (this study) 330 ± 88 30 ± 3 2.0
Titanium (this study) 3256 ± 200 – 1.8
Steel SS304[14] 4902 – –
Steel SS304 + 3.66 � m TiZr [14] 3448 – –
non-conductive BPP + 50 � m Ti [17] – – 2.21 (at 20 ◦ C, 1 atm)
additive manufactured Steel [16] – – 1.6 (at 80 ◦ C, 1 atm)
3D printed BPP + coatings [15] – – 2.4 (at 80 ◦ C, 7.5Nm)
low-carbon content BPP [34] 420.6 28.4 –
80 wt.-% Ti

3
SiC

2
-PVDF BPP [37] 29 25 –

Platinum-deposited Ti BPP [43] 105 – about 1.6

1  More data on the conductivity and flexural strength of various 
metal and carbon materials can be found in Song et al. [33]
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4 � Summary

We present the characterization of a newly developed highly 
filled Ti composite material to be used as bipolar plates 
(BPP) in water electrolysis cells. Two- and three-dimen-
sional microstructural analysis was performed to initially 
investigate the (surface) morphology, porosity and compo-
sition by SEM and X-ray micro-computed tomography of 
the different material compositions. The results explain well 
the qualitative trend of the surface roughness, the electri-
cal conductivity and the flexural strength as a function of 
the metal to polymer ratio. Further correlations between the 
microstructure and macroscopic properties seem to exist and 
need to be analyzed in more detail.

The plates with an optimum Ti ratio of 80 wt.-% exhibit 
a remarkably high electrical conductivity for a composite of 
about 330 ( Ωcm)−1 . Even more, the mechanical and electro-
chemical characteristics also demonstrate their suitability as 
BPP with a flexural strength of about 30 MPa, a compres-
sive strength of 100 MPa, and, with an additional titanium 
coating, a corrosion resistance comparable to that of pure 
titanium.

The water electrolysis test showed that the cell with the 
composite BPP achieved a cell voltage of about 2 V at a 
current density of 1 A at 80 ◦ C, which is promising for this 
non-optimized material. The higher ohmic resistance on 
the anode side compared to the reference cell with the Ti 
BPP is due to insufficient corrosion protection and probably 
excessive surface roughness. These results give confidence 
that the performance of the cell can be further enhanced by 
improving the surface roughness and coating for better cor-
rosion protection.

Our results show the possibility to produce alternative, 
not fully metallic BPP for water electrolysis. We were able 
to use less titanium and enable a faster and more effective 
fabrication of BPPs by hot pressing or injection molding.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00339-​022-​06304-3.
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