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e Main feature of the novel bipolar plate is the one-piece-approach.

e Development of a welding-based production process; elimination of contact resistances.
e Approach increases the reliability and decreases the duration of the stack assembly.
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Water electrolysis will be an essential element of the future energy system, with hydrogen
serving as a climate-friendly energy storage medium. To make electrolyzers suitable for
market penetration at scale, the cost of manufacturing megawatt electrolyzers must be
minimized, with no detrimental effects to their performance and lifetime. Here we show a
facile and cost-effective manufacturing method to produce one-piece Ti-based bipolar
plates. Low-cost and commercially and readily available feedstock materials (blank sheets,
expanded metals and nonwovens) are positively joined using an innovative welding pro-
cess, diffusion bonding. This approach reduces the contact resistances that can occur with
multi-part bipolar plates by around 75%, reducing the number of components and there-
fore significantly simplifying stack assembly. Ex-situ tests on the contact pressure distri-
bution on the active cell surface reveal a homogeneous pattern with values of about
3.75 MPa ( + 1.25 MPa). In a first proof-of-concept, a five-cell short stack with a 100 cm?
active cell area, average cell voltages of 1.71 V at 2 A cm 2 could be achieved using our new
stack concept.
© 2023 The Authors. 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/).
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1. Introduction

Future energy supply scenarios [1-3] foresee a significant
share of renewables, such as wind, solar and hydropower. Due
to large and frequent fluctuations in energy supply and de-
mand, an energy storage solution of equal magnitude and of
high level of sustainability is required, and hydrogen is indeed
considered to be the only viable solution to reach such goals.
The associated technology for hydrogen production, namely
water electrolysis, already has a high technology readiness
level TRL of 6—9 [4]. The TRL for alkaline electrolysis is higher
than for Polymer Electrolyte Membrane (PEM) electrolysis.
Systems in several power classes are already commercially-
available, but still not available in the mass market.

The flexible electrolysis also has a high potential for
commercialization, because it can easily serve as a control-
lable load on the electricity balancing market [5]. In a study at
the “Energiepark Mainz”, typical operation of an electrolyzer
for an energy system participating in the energy market was
demonstrated. In addition, it showed the requirements
necessary for the pressure operation of an electrolyzer [6]. In
order to be able to guarantee energy storage, electrolyzer
systems in the high MW, up to the GW scale, will be needed in
the future. To meet high-power demand, electrolysis stacks in
the MW class and above will be required.

The operating pressure is an important factor influencing
the efficiency of an electrolyzer system [7]. Hydrogen is
currently stored at high pressures (up to 700 bar for automo-
tive applications) in gas storage systems. Thus, the necessary
compressor power has a major influence on the system's
overall efficiency. The system efficiency can be improved
through the differential pressure operation of an electrolyzer,
whereby the hydrogen is electrochemically-compressed on
the cathode side. Simulations by our group [8] show that,
depending on the current density of the electrolyzer (up to
3 A cm™?) and the storage pressure (max. 750 bar), an elec-
trolyzer operating pressure of up to 20 bar can be beneficial
from a system efficiency aspect. However, in order to achieve
pressurized operation, circular electrolyzer designs have
typically been used by the industry. The circular design can
provide a more uniform clamping pressure distribution via
bolts and endplates compared to a rectangular design. For
instance, 9.6 kW stacks from Fronius International GmbH
were operated in a network of 12 modules with a total output
power of up to 100 kW at a maximum operating pressure of
163 bar [9]. Similarly, the Giner GS-10 prototype stack from
Giner Electrochemical Systems LLC with a maximum pro-
duction rate of 5.6 kW [10—12] and GenHy©1000 (developed for
the GenHyPEM project) with an operating pressure of up to
50 bar and a hydrogen production rate of 1 Nm?® h~* were also
connected in series to achieve the desired outputs [13,14].
Experimental short stacks with outputs of 1 kW, an operating
pressure of up to 100 bar [15], and a hydrogen production rate
of up to 2.5 L/min [16] were also implemented as a circular
design. As an example for a rectangular design, three elec-
trolyzers of the type SILYZER 200 from Siemens AG with a
peak power of 6 MW, and hydrogen output of 1006 Nm> h~*
were operated at the “Energiepark Mainz” facility [6]. In order
to be able to attain dynamic high-pressure applications with

constant cell compression for a rectangular cell design, Wir-
kert et al. [17] inserted an electrolyzer stack into a surrounded
pressure vessel. The experimental short stacks comprise 10 to
12 cells [10—14,16].

The main disadvantage of circular stack designs is the loss
of material during the production of the individual cell com-
ponents (e.g. the membrane electrode assembly (MEA)) [18]
and the associated higher production costs. Circular flow
fields must also be optimized with respect to uniform heat,
mass and current density distribution for proper and durable
cell operation [19].

On the anode side (oxygen generation), porous transport
layers (PTLs) made of titanium are typically used to ensure
water transport to the electrode and electric contact with the
flow field and electrodes. Liu et al. [20] have shown that
coating the PTL with iridium or platinum is a crucial strategy
to allow the PTL's long-term stability. In addition, the coating
of the PTL material leads to an optimization of the contact
resistance and therefore to a reduced ohmic resistance [20,21].

Furthermore, when designing a next generation of PEM
stacks, one must realize that thinner membranes can signifi-
cantly increase an electrolyzers’ hydrogen production capac-
ity. The influence of membrane thickness on cell performance
has been simulated several times in the literature [7,22—24].
Our group [25] was able to achieve current densities of
11 A cm™? at 2 V (corresponding to an electric energy con-
sumption of 53.6 kWh per kg produced hydrogen) in a single
cell with an approximately 20 um thick membrane. However,
when reducing the membrane thickness, both H, permeation
through the membrane and reduced membrane robustness to
mechanical stresses during operation must be taken into ac-
count, especially in differential pressure operation [7,23]. The
risk of permeation can be reduced by implementing recom-
bination catalysts into the MEA [26]. For the here developed
stack design, we have therefore considered the increased
compression and shear stresses over the membrane [27].

Another important design aspect is the adjustment of PTL
compression and associated contact pressure. We [28] have
shown that by increasing the compression, the performance
of an electrolysis cell can be improved, whereas if the
compression of the GDL is too high, hydrogen permeation
through the membrane increases. The correlation with con-
tact pressure was also demonstrated by Frensch et al. [29].
Thus, an even contact pressure distribution must be consid-
ered in the design of bipolar plates and stacks, as well as when
creating innovative stack assembly concepts.

When selecting materials for bipolar plates, different
studies on metals with different coating processes can be
found in the literature [30,31]. Likewise, different coatings on
stainless steel as a base material have been investigated to
reaching the long-term stability of bipolar plates in acidic
environments [32]. Titanium has been mentioned as a state-
of-the-art material for electrolyzer bipolar plates. Addition-
ally, these titanium plates are coated with platinum on the
anode side to prevent their passivation or corrosion [18,33].
Therefore, the fabrication costs and the necessary protective
layer are largely responsible for the high costs of these bipolar
plates [33]. According to Ayers et al. [34], the bipolar plates or
separator plates currently account for approximately 48% of
the stack costs. In addition to the material costs, the costs of
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the manufacturing processes for the different flow fields are
decisive here.

We have previously published [18] that machined flow
fields have the highest flexibility in terms of design but entail
high production costs. Also critical is the extensive time
needed during fabrication and large material waste accom-
panies those production methods. Typical machined flow field
structures are pin-type, parallel and serpentine, each of which
can be implemented in different designs. Other proposed
manufacturing methods are the hydroforming or stamping
processes, which have limitations in design parameters and
contact areas, and are uncommon for electrolysis [35]. Weld-
ing processes are also used to join together the different seg-
ments of bipolar plates, which may lead to longer production
times. A promising welding procedure to join common elec-
trolysis materials such as titanium is diffusion welding [36]. In
this procedure, parts with the same or similar material prop-
erties can be joined without deforming their structure. This is
especially beneficial for the joining of porous flow fields, such
as expanded mesh flow fields. Flow fields consisting of tita-
nium meshes or expanded metal have been described in
recent literature, and feature in commercially-available
stacks.

Expanded metals feature low production costs and good
spatial utilization due to their three-dimensional structures.
Via numerical and experimental studies, Lafmejani et al. [37]
were able to show that expanded metals guarantee a good
mass transfer of water to the MEA and possess good cooling
properties, making expanded metal suitable for applications
with high current densities.

Further promising experimental studies on expanded
metals as flow field plates or porous media have been carried
out for both single cell applications [38—41] and stack appli-
cations [42,43]. As expanded metals can be described as
porous media, the sealing of these flow fields is essential,
especially with respect to cross flows. Selamet et al. [41] have
already investigated different sealing materials in conjunction
with metal meshes. They found that the contact pressure in
the area of the flow field was strongly dependent on the
sealing materials. With respect to the sealing materials used,
attention must be paid to the material properties in terms of
long-term stability and mechanical properties during opera-
tion. The material properties of different sealing materials
have been investigated for PEM fuel cells [27,44—48], and the
design of both sealing mechanisms and bipolar plates are
relevant, especially when operating at high pressures. Ye et al.
[49] showed different sealing mechanisms for fuel cell oper-
ation. Here, a distinction needs to be made between frame
designs that serve as a hard stop for GDL compression, and flat
and O-ring seals.

Here we show the development steps to design bipolar
plates for a PEM electrolyzer stack in a one-piece approach.
Special attention was given to the requirements of the bipolar
plates in relation to the state-of-the-art for the cell compo-
nents. An expanded metal composite was used as the flow
field, which provided a great potential for cost reduction of
PEM stacks. Another focus was placed on the mechanical
behavior of our cell/stack assembly. Our goal was to continue
[38] analysis of the influence of contact pressure on cell per-
formance and time-dependent material properties, such as

membrane creeping. We consider of particular importance to
achieve a homogenous contact pressure distribution to ensure
low contact resistances while avoiding pressure peaks, which
can easily lead to membrane failures and degradation phe-
nomena. The new bipolar plate concept was intended for a
cross-flow configuration. Its advantages include the compact
overall bipolar plate setup and the spatial separation of the
anode and cathode side manifolds. Some of the design fea-
tures and the production technology, described here in detail
exemplarily for a specific electrolyzer setup, can easily be
transferred to other design concepts or other applications (like
e.g. fuel cells or redox flow batteries).

2. Experimental

The development of our novel bipolar plate (BPP in the
following) focuses on a cost-effective and robust in stack as-
sembly and operation. The objectives, in detail, are as follows:

1 Easy and failure-tolerant stack assembly The number of
stack components should be as small as possible. For the
stack assembly itself, the BPP should be derived from one
piece.

2 Alternative flow field Conventional flow fields comprising a
macroscopic channel rib structure have a negative impact
on the homogeneity of mechanical compression and flow
distribution in the active area [50]. The BPP should be
comprised of structures, that support an improved
compression distribution.

3 Usage of low cost mass market components Specifically for
the flow field regime of the BPP, different types of porous
media, such as metallic tissue, metallic fleece, or expanded
metal are off-the-shelf and widely available for numerous
applications [51,52]. For the optimized functionality of this
type of flow field structure, a combination of different types
of porous media or of porous media from the same type but
with different porosities is advantageous.

Fig. 1 displays an exploded illustration of our novel concept
for the BPP unit. It consists of a total of ten single elements
(three expanded metal layers per sandwich) combined into
one piece (which we will call the BPP in the following) by
diffusion welding. Further on in this chapter, we describe the
joining process in detail. With regard to this, it is advanta-
geous but not necessary that all elements are from the same
material. To be on the safe side, we select Ti as the sole basic
material for the first set of BPP prototypes, as it exhibits good
corrosion stability in electrolysis mode, also on the critical
anode side (O,/H,0 environment, temperature up to 80 °C and
electric potential above 1.5 V) [32].

At the center of the BPP, a massive Ti plate separates the
anode and cathode compartments of two neighboring cells. In
order to avoid gas crossover, the plate must be gas-tight for
hydrogen and oxygen. Additional elements of the BPP include
frames and expanded metal sandwiches positioned on each
side of the center plate. The frame inlay sandwich on the
anode side also comprises a Ti fleece element.

Fig. 2 illustrates the technical realization of fluid distribu-
tion and collection at the cell level. It is important to mention,
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Fig. 1 — Exploded view of the novel bipolar plate unit. All shown elements will be combined to one piece by diffusion

welding.
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Fig. 2 — Media distribution/collection and main directions of the 2-phase flows on the cathode and anode sides.

that for this BPP concept we assume continuous water circu-
lation on anode and cathode side of the electrolyzer system.
Electrochemically water is only consumed at the anode side,
but for heating and cooling purposes water loops at high
surplus are envisaged for both sides. The BPP (here only the
center plate) consists of a row of holes along each rim. Each
row of holes interconnects with one of the manifolds of the
stacks’ fluid distributor/collector. The left sketch in Fig. 2
shows the main flow direction on the cathode side of the
plate, when the water inlet is situated at the upper row of
holes and the hydrogen/water outlet at the lower one. The
water inlet and two-phase flow outlet is possible, because the

upper and lower rows of holes are connected to the active cell
via milled channels. The symmetrical frame overlaps only a
portion of the channels. The right sketch displays the analo-
gous main flow direction on the anode side, which in this
example is from left to right. This results overall in a cross-
flow configuration for the anode side relative to the cathode
side flows.

The sketch in Fig. 3 shows an example of the water inlet
entering into the cathode compartment of one cell in greater
detail. Coming from one of the stack-level water distribution
manifolds, a fraction of the total water flow rate (ideally
identical for all the manifolds and for every cell) enters the
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Fig. 3 — Water distribution manifold, water inlet on the cellular level and distribution through the expanded mesh

sandwich.

cell's cathode compartment through additional channels in
the center plate. These channels are not present on the anode
side, and so the rest of the total water flow will separate
another fraction into the cathode compartment of the next
cell.

The expanded metals used are based on thin metal sheets
from Ti Grade 1, machined in such a way that apertures in the
form of a diamond occur. The following geometric parame-
ters, also illustrated in Fig. 4, define the shape of the expanded
metals:

1: distance between the node points in the direction of the
long diagonal

b: distance between the node points in the direction of the
short diagonal

c: strand width

s: strand thickness (thickness of the original metal sheet).

a: thickness of expanded metal

For the BPP test design, the expanded metal sandwich
consists of three layers with a total thickness of 2.65 mm.
Table 1 lists the main geometric parameters of the expanded
metal layers.

Compared to a conventional BPP comprising a channel-rib
structure, the flow field with expanded metal layers features
the following main differences:

e Expanded metals have a regular structure for the fluid flow.
It can be considered a porous media. In contrast, conven-
tional flow fields consist of discrete flow channels. There-
fore, the fluid flow distribution over the active area is
relatively coarse.

— g

Fig. 4 — Geometric specification of the expanded metals. Left: isometric view, right: cross-section along the strand.
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Table 1 — Geometric parameters of the single expanded
metals used in the BPP test design sandwich.

Expanded lin mm binmm cinmm sin mm ain mm
metal No.

1 2.5 2 0.5 0.5 0.5
4 2 0.8 0.5 0.65
3] 12 6 1.5 0.8 1.5

e By combining different layers of expanded metal, it is
possible to almost continuously refine the flow compart-
ments from the water inlet respectively two-phase flow
outlet towards the MEA. With channel-type flow fields, this
is not possible.

e In conventional BPPs, the current transmission from the
MEA to the BPP only works through the BPP ribs. This
means, that about 50% (dependent on the channel/rib
structure) of the BPP is electrically unconnected. In addi-
tion, the contact area distribution is relatively coarse
(analogous to the channels). Expanded metals are con-
nected through the node points of the regular structure.

In addition to the expanded metal sandwiches, the novel
one-piece BPP design also includes on the anode side a sheet
of Ti fleece. In the cell or stack setup, this serves as the porous
transport layer (PTL) to the catalyst layer. For the BPP test
design Bekipor® Titanium, 2GDL10-0,35 from NV Bekaert SA
(Belgium) with a total thickness of 0.35 mm was used. The
material porosity is 68% with a Ti fiber diameter of 20 um.

Summing up the thicknesses of all components, as shown
in Fig. 1, we achieve for our first BPP prototype a cell pitch of
8.7 mm. In this work, the sizing of the single BPP elements is
not optimized in terms of electrolyzer power density. A focus
is set on production technology and proof of concept.

Once titanium had been selected as the component ma-
terial, the need for a joining technique appropriate to it and
other components became clear. The joining strategy must
consider the material and geometry requirements. ZEA-1 at
the Forschungszentrum Jilich, as the engineering partner for
this research, was involved in the development of the indi-
vidual components to determine a suitable joining process.
The monopolar and bipolar plates, as well as the frames,
which are crisscrossed by channels, must be joined gas-tight
between the anode and cathode sides and to the outside. In
addition, it is necessary that the expanded metal and Ti fleece
be joined with the largest possible contact area to maximize
electrical conductivity. The Ti fleece must remain open-pored
in order to permit mass transfer between the active cell area
and flow field. The electrons to be transferred can reach cur-
rent density values greater than 3 A cm™2 at 80 °C. The re-
quirements rule out a soldering or bonding process, as the
open and fine-mesh structures would be closed by means of
adhesives or solder. Common fusion welding processes such
as laser and electron beam welding or even arc welding,
cannot provide a full-surface connection of the components
and would cause considerable deformations due to the pres-
ence of local melting or stress areas.

For these reasons, diffusion welding was selected as the
joining method for the monopolar and bipolar plates. Due to

Fig. 5 — Diffusion welding machine of the ZEA-1 with the
door open. In addition to the heating elements, the base
plate with the bipolar plate to be joined and the ram are
visible.

its high affinity for nitrogen and oxygen, titanium must be
welded under a vacuum or using a pure inert gas atmosphere.
As the diffusion welding process takes place in a vacuum, it is
especially suitable for the joining of titanium. In diffusion
welding, an external application of force, usually in the form
of pressure pads, creates contact between the partners to be
joined. Simultaneous heating up to approximately 70% of the
liquidus temperature can stimulate mass transfer, thus
enabling grain growth across the joining surface. This allows
large-area and tight joints to be produced with low component
distortion. The associated equipment of the ZEA-1 is shown in
Fig. 5.

3. Results

In order to demonstrate the suitability of diffusion bonding for
the selected Ti Grade 2 plates, multi-level joining tests were
initially carried out with the test plates. From our own pre-
liminary investigations, it is known that titanium can be
joined by means of diffusion bonding without pre-machining
by metal cutting. With a view to efficient and economical
process control, five sheet metal frames were stacked on top
of each other and joined to form a frame for an initial process
value determination (see Fig. 6). The sheet surfaces were
degreased with ethanol immediately prior to the furnace
process. One area of the sheets was welded with pickling
pretreatment and one without it.

The suitability of diffusion welding was demonstrated in
principle by means of the helium leakage test and metallo-
graphic microstructure analysis. The joining zones not subject
to pickling pretreatment exhibited a more uniform diffusion
zone without a pronounced pore line (see Fig. 7). The leakage
rates of both multi-sheet joints are below 5-10° mbar L s~
Joining was carried out above the transformation temperature
of 885 °C applicable to pure titanium. A setting amount per
level of approximately 0.1 mm was set by limiting the stroke of
the ram. The joining pressure was at about 10 MPa.
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Fig. 7 — Process validation, assembly of five frames, structural analysis after diffusion welding, left: etched surfaces; right:
non-etched surfaces; red arrows: joining levels. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

All bipolar plate prototypes could be joined with the
required internal and external tightness. Leakage rates
<1078 mbar L s were determined by means of a helium
leakage test. The expanded metal and Ti fleece were fully
bonded. The gap between the expanded metal, Ti fleece, and
frame could be reduced to such an extent that the MEA re-
mains undamaged and avoid membrane creeping during
operation.

Two further tests were performed to quantify the gain of
the single component approach with respect to contact
resistance. In the first test, the individual elements of the BPP
from Fig. 1 were placed on top of each other and positioned
between two gold-plated contact plates (45 mm x 45 mm). A
hydraulic press was used to continuously increase the contact
pressure on the elements. At the same time, an electric cur-
rent of about 10 A was passed through the contact plates and
the intermediate assembly, and the voltage was measured.

The second test was performed identically, only the individual
components were replaced by the welded BPP.

At a contact pressure of about 1 MPa, resistances of
153.9 mQ cm? were obtained for the individual elements and
21.4 mQ cm? for the welded BPP. At about 2.5 MPa, 50.3 m@Q cm?
and 12.8 mQ cm? were determined, respectively. This means
that at a target contact pressure on the active cell surface of
2.5 MPa, the resistance of the welded BPP is reduced by about
75% compared to the unwelded version.

In subsequent investigations, scaling up to higher quanti-
ties in a joining process will be carried out in collaboration
with industrial partners. In this process, several BPP assem-
blies will be stacked on top of and next to one another in the
diffusion welding machine. Important topics here include the
development of suitable separating elements between the BPP
assemblies and the identification of robust process parame-
ters for diffusion welding. Approaches for the series
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Anode side

Cathode side

Fig. 8 — Bipolar plate with alternative media distribution and collection, active area of 100 cm?.

production of larger quantities for MW electrolysis are also
being developed at the ZEA-1.

In the following we will demonstrate the proof of concept
and production technology with BPPs at 10 cm x 10 cm active
cell area. The Ti components of the one-piece BPP are joined
by diffusion welding and shown in Fig. 8. The previously
described media distribution and collection differs slightly in
this case. As Fig. 8 shows, the media excess from the mani-
folds to the cell level is directly managed by the row of holes
and not by the additional channels in the center baffle plate.
For the small BPP variant the holes partly encompass the

frame and partly the porous materials (expanded metal
sandwich on the cathode side and also the Ti fleece on the
anode side). In order to separate the anode and cathode sides,
the frames consist of two small and two wide sides that face
each other. The anode and cathode side frames are turned by
90°.

Fig. 9 shows two cross-sections of the BPP at the transition
point between the frame and inner structure. The pictures
result from a 3D tomogram, measured by an x-ray computer
tomograph (CT), type Xradia 410 Versa from Carl Zeiss AG
(Germany).

Wide frame

Small frame

Center plate
Manifold

3-layer expanded metal

3-layer expanded metal _
Ti fleece

Fig. 9 — Cross-sections of bipolar plate with alternative media distribution and collection and CT data. Upper image: massive

frame region; lower picture: frame region at the manifold hole.
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Fig. 10 — Ex-situ test pressure distribution. Left: Schematic sketch of the setup; right: local pressures on the frame and the

active area.

The upper image depicts the frame region between the
holes. The small and wide frame parts are joined gastight with
the center plate. The cross-section through the manifold hole
(lower picture) displays the media supply of the cathode
compartment (in this case) via the porous edge of the three-
layer expanded metal sandwich. The layers are equal for the
anode and cathode sides. The porosity of the three layers
decreases from the inside to the outside, meaning from the
center plate towards the MEA.

Before electrochemical stack testing an ex-situ test was
performed to evaluate the homogeneity of the pressure dis-
tribution on the active cell area, influenced by the BPP. Fig. 10
displays a scheme of the test setup and results from the test.
The anode and cathode side monopolar plates (MPPs) were
arranged between two large stamps of a hydraulic press.
Starting from the cathode side MPP, a 0.5 mm thick FKM
gasket covered the MPP frame and two sheets of Toray paper
(total thickness: 0.7 mm) encompass the expanded metal
regime. Two sheets of Fujifilm Prescale® enable measurement
of the local contact pressure. To cover the full range of pres-
sure distributions on the frame and the active area, the setup
comprises Prescale® LLW (0.5-2.5 MPa) Prescale® LW
(2.5—10 MPa). Using a scanner and the data analysis software
FPD-8010E from Fujifilm, the different red shades from both
pressure-sensitive films can be transferred and combined to
one new color scale that represents the full pressure range of
0.5—10 MPa. An average pressure of 6 MPa was applied to the
setup by the hydraulic press. The holding time was 5 min. The
right-hand segment of Fig. 10 shows the pressure distribution
in the regions of the active area and outer frame. According to
the chosen setup, both monopolar plates influence the pres-
sure distribution.

Three different regimes with significantly different pres-
sure ranges occur. In the active area, the pressure primarily
varies between 2.5 and 5 MPa. The overall homogeneity of the
pressure distribution is very high. The characteristic pattern

of the pressure distribution shows, that the structure of the
expanded mesh influences the local pressure on a fine scale
(2—2.5 mm). The small pressure peaks at 5 MPa and above are
indicators of the sharp edges in the 3D structure (cf. Fig. 4).
Even the Ti fleece on the anode side and the carbon paper on
the cathode one do not fully homogenize locally. In a real cell
or stack setup, this could lead to increased local shear stresses
in the membrane. On the other hand, this result indicates that
the contact elements for current and heat transfer are well-
distributed.

The second regime is the intersection between the active
area and frame. Due to our special concept for sealing and
media supply for the BPP test design, an overlapping of the
stiff frame and porous materials occurs. For the sealing of the
cell between the anode and cathode sides, this could be
problematic, as the mechanical support is not optimal. This
phenomenon results in relatively low pressures of below
1 MPa and up to 2 MPa in the intersection regime. Most critical
for eventual leakages are the plate corners, where supply
holes for the anode and cathode sides are close to each other.

The third regime is the outer frame area. Here, the contact
pressure is largely above 10 MPa, which is necessary to ensure
a gas tight setup to the outside.

The test stack consisted of five cells with an active cell area
of 100 cm?. Aside from the BPPs, the main stack components
are a fluid distributor/collector for anode and cathode side and
current collector plates which are connected to the power
supply via gold plated Cu bolts, penetrating central holes in
the end plates. The MEA comprises a catalyst-coated mem-
brane (CCM) and porous transport layers (PTLs) on the cathode
and anode sides. As mentioned previously, a specialty of this
setup is, that the anode-side PTL (Ti fleece) is a fixed element
of the one-piece BPP. On the cathode side, two sheets of Toray
TGP-H-120 (350 um each) serve as the PTL and catalyst backing
layer. This is a Teflon-treated carbon fiber paper with hydro-
phobic properties. The in-house-produced CCM is based on
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Fig. 11 — Assembled five-cell short stack after test rig
integration.

Nafion NR212. Pt/C with 60 wt.-% Pt on ketjen black with a
loading of 0.25 mgp. cm~2 is used on the cathode. The anode-
side catalystis IrO, from Alpha Aesar with a loading of 1.0 mgy,
cm~2. In order to reduce the risk of the formation of explosive

1.80

-o—cell No. 1
1.75 |—cellNo.2
-©-cell No. 3
170 [-cell No. 4
&-cell No. 5
> 165 —mM
. 3
()]
&
= 1.60
o
=
8 155
1.50
1.45
1.40

0 0.5 1

gas mixtures (hydrogen in oxygen on the anode side), the CCM
contains a recombination catalyst inside the membrane
phase. The manufacture and the effectiveness of the
hydrogen reduction on the anode side was shown by our
group [26]. Flat gaskets from Viton at 65 shore A and a thick-
ness of 500 pm were used for the stack sealing.

Fig. 11 shows the stack after integration into the test sta-
tion type ETS G500/G12-290 from Greenlight Innovation Corp.
Water cycles on the anode and cathode sides ensure water
supply and gas removal. The cycles also utilize circulation
pumps and gas separators, as well as heaters and coolers. The
test stations’ software controls such parameters as tempera-
ture, flow rates and stack current respectively voltage. Auto-
mated long-term operation is possible, with gas sensors
ensuring safety in case of H, leakages.

In this paper, we will only report the very first results with
the test stack in electrolysis operation. The focus is set on the
technological aspects of design and manufacturing. Further
operational results with upscaled BPPs will be published later.
Fig. 12 displays the initial polarization curve of each single cell
in the stack.

During the hold time of 15 min of each step of the polari-
zation curve, the stack current is kept constant (galvanostatic
mode). The polarization curve shows averaged voltage values
of the last 10 s. Due to the test station restrictions, the
maximum drawn current density is at 2.15 A cm ™2 For this
reason, the test stack was also only operated up to these
values. In this range, the stack exhibits an expected behavior.
From 0.3 A cm 2 to maximum current, mainly ohmic re-
sistances dominate the profile and transport losses are not
apparent. This indicates a sufficient media supply and
removal, assisted by the porous media of the bipolar plate.
The voltage deviation between the five cells increases with
increasing current density. Cell No. 3 is slightly (max. 18 mV at
the highest current density) worse than the others. Cell No. 3
is located in the middle of the stack. Because of the lack of

1.5 2 25

current density / A/cm?

Fig. 12 — Initial polarization curves for each cell of the five-cell short stack. Anode- and cathode-side water loop: 1 L/min;
temperature anode/cathode: 80 °C; red dot: target design point, as achieved with a lab cell comprising coatings on the flow
fields. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this

article.)
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stack isolation, one would expect the center cell to have
slightly better performance (higher local temperature). This is
not the case. Possible reasons for the present situation could
be:

- CCM of cell No. 3 performs worse due to production
inhomogeneities.

- Inhomogeneities in compression pressure on the active
area of cell No. 3 caused by dimensional tolerances.

- Inhomogeneities of water supply or water/gas removal in
cell No. 3 caused by dimensional tolerances of the flow
channels.

An average voltage of 1.71 Vis measured at 2 A cm 2 Thus,
the target design point (1.65 V at 2 A cm™?) is not fully ach-
ieved. The difference of the 60 mV can mainly be attributed to
the lack of coatings for the novel BPPs used (neither for the Ti
fleece on the anode side nor for the Ti expanded metal on the
cathode side). Ti has a weak tendency to form passivation
layers. Contact resistances for the Ti fleece and the anode-side
catalyst layer, as well as for the expanded metal and toray
paper (cathode side) will increase. The standard test cell from
Forschungszentrum Jiilich, IEK-14, defining the target design
point, comprises Au coating on the anode-side flow field plate
and Pt coating on the cathode-side plate.

4, Conclusions

The idea of a one-piece BPP that incorporates standardized
elements is a promising approach. Here we have used existing
manufacturing technologies, such as the diffusion welding
process considered here. A mechanically robust BPP can be
produced from simple basic elements. This considerably re-
duces typical manufacturing efforts and numeral steps during
stack assembly. The form-locked joining of the components
yields the following additional advantages:

e Safe separation of the anode and cathode compartments of
two adjacent cells (transverse tightness).

Reliable media sealing to the outside.

e Minimal contact resistance in the stacked structure
without coatings. In conventional multi-layer configura-
tions of BPP components and PTL corrosion effects lead to
increasing contact resistances between the layers. In
diffusion welding we add no additional material to the
process. The Ti components are material bonded at the
contact nodes or areas. In electrolysis mode, the corrosion
stability is increased, because there are less interfaces to
form passivation layers.

A quality assurance process for the BPP can be carried out
in advance, independently of installation in the stack.

The use of porous structures such as expanded metals lead
to a much more homogeneous contact pressure distribution
over the active cell area compared to conventional flow field
structures (channel/rib configurations). A homogeneous
pressure distribution leads to a more uniform current density
distribution over the active cell area, as the contact resistance
strongly depends on the contact pressure. The first

electrolysis operation with a short stack exhibits a perfor-
mance close to ideal test cells. The flow field of the single test
cell considered for this comparison consists of small and short
channels in a channel/rib structure. In a scale-up that in-
corporates the same flow field type, the flow channels would
be significantly larger for a comparable pressure drop. Thus,
the gradients in contact pressure would be more pronounced,
resulting in a less homogeneous current density distribution.
For this reason, it is advantageous to use flow fields with
porous structures such as expanded metals in stacks with
large active cell areas. Nevertheless, additional tests are
necessary to quantify the behavior of the BPP at different
operation modes, at part or full load, and with static or dy-
namic profiles. In addition, the scale-up behavior will be
evaluated and presented in a subsequent publication.

For the market introduction of the presented One-piece
setup, it is necessary to develop a joining technology for
cost-effective mass production. Diffusion bonding as a
manufacturing process for BPP is currently not ideal for mass
production, as it can only be performed discontinuously in a
vacuum furnace. In addition to the joining process, up to 12 h
are required for evacuation, heating up, and cooling. The
development of a batch process in which the vacuum cham-
ber is filled with a maximum number of BPP components to be
joined can be a possible solution. Here, the elements must be
arranged next to and on top of each other. For stacking, suit-
able processes and materials for separating the individual BPP
assemblies will be identified. Another possibility to speed-up
the process is the use of an inert gas atmosphere instead of
a vacuum.
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