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The electrolysis of water is considered a promising route to the production of hydrogen from renewable
energy sources. Electrolysers based on proton exchange membranes (PEMs) have a number of
advantages including high current density, high product gas purity and the ability to operate at high
pressure. Despite these advantages the high cost of such devices is an impediment to their widespread
deployment. A principal factor in this cost are the materials and machining of flow plates for distribution
of the liquid reagents and gaseous products in the electrochemical cell. We demonstrate the production
and operation of a PEM electrolyser constructed from silver coated 3D printed components fabricated
from polypropylene. This approach allows construction of light weight, low cost electrolysers and the

rapid prototyping of flow field design. Furthermore we provide data on the operation of this electrolyser
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Accepted 24th June 2014 wherein we show that performance is excellent for a first generation device in terms of overall efficiency,

internal resistances and current—voltage response. This development opens the door to the fabrication

DOI: 10.1039/c4ee01426] of light weight and cheap electrolysers as well as related electrochemical devices such as flow batteries

www.rsc.org/ees and fuel cells.

Broader context

Uptake of renewable energy generation, especially wind and solar power is increasing at a dramatic rate and has the potential to contribute greatly to mankind's
management of climate change due to accumulation of CO,. Matching supply and demand of these intermittent renewable energy sources is challenging and
solutions offered often depend on the conversion of excess electrical power to chemical or potential energy for storage until required. Hydrogen is a potential
storage medium in this regard and the use of polymer electrolyte membrane (PEM) electrolysers holds great promise for the generation of hydrogen from
renewable sources. Successful realisation of this goal requires product development of all parts of the PEM electrolyser from the “active” components e.g. the
catalysts, to the “passive” components, namely the structural parts of the electrolyser stack. 3D printing is an emerging technology which can be used in the
fabrication of many different device types. Here we present the use of 3D printing to prepare components of an electrolyser cell and demonstrate its operation.
This application of 3D printing enables rapid prototyping, cost reduction and a dramatic reduction in component weight. All of which may accelerate the
development of new electrolyser technologies.

compression of the product gas for storage.® These factors all
contribute to the promotion of PEM based electrolysis as a
cornerstone for the supply of hydrogen in a “hydrogen
economy”.

Introduction

The proton exchange membrane (PEM) electrolysis of water was
first described in the mid-1960s by General Electric as a method

for producing oxygen for the Gemini Space Program and is now
an established technology for the splitting of water into
hydrogen and oxygen.' In recent years this technology has
received significant attention as a potential route to the
production of hydrogen from renewable energy sources.” PEM
electrolysers have a number of advantages compared to the
more established alkaline electrolysis process, namely produc-
tion of hydrogen at a higher purity,® increased charge density on
the electrodes leading to faster gas evolution,* and the ability to
operate at pressures up to 200 bar thus reducing the need for
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PEM electrolysers follow a standard design illustrated in
Fig. 1. The principal components of the electrolyser are (i) the
membrane electrode assembly consisting of a proton perme-
able membrane, often Nafion®. Each side of this membrane is
coated with a suitable electrocatalytic substance to accelerate
the electrolysis process. (ii) Porous gas diffusion layers (GDL) -
often made of titanium or carbon which transfer current from
the flow plates and promote the release of the product gases
from the electrolysis reaction. (iii) Flow plates which separate
each cell in the electrolyser stack and which are machined with
a flow path for circulation of the water.

PEM electrolysers are more expensive than their alkaline
counterparts and this, in part has limited their application, with
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Fig. 1 Electrolysis cell construction.

considerable research being undertaken to reduce the costs of
these devices, principally by reduction of catalyst cost by
substitution of the noble metal catalysts for cheaper and more
readily available alternatives.® Ayers et al. reported that the
bipolar plate assembly is the highest cost component in the
stack, representing nearly 40% of the overall cost.” These plates
also contribute to the overall resistance of the cell and thus to
the required cell voltage. This effect is more pronounced at the
high charge densities at which PEM electrolysers operate and is
one of the dominating sources of cell efficiency. These plates are
also essential in the mass transport of both the reacting liquid
(water) and the extraction of the product gases away from the
membrane and the current collectors. Currently flow plates are
typically made from graphite, titanium or stainless steel.* Each
of these materials has its own advantages and disadvantages.
Titanium is characterized by its high strength, high electrical
and thermal conductivity and its low gas permeability, all of
which are positive traits for a flow plate. The drawback of tita-
nium is its relatively poor corrosion resistance, especially on the
anodic side where an oxide layer can form, increasing the
resistance and lowering the performance of the stack over time.®
Graphite, whilst having high conductivity, suffers from poor
corrosion resistance, limited mechanical strength and high
cost.® Various grades of stainless steel may be employed.® This is
a cheaper alternative to both titanium and graphite, however
the stainless steel can corrode quickly in acidic environments
and can require the application of a protective coating to reduce
this corrosion to acceptable levels, but this can increase the
resistance of the flow plate.* Considering all of the above, there
is no ideal material for the construction of the PEM electrolyser
flow plates.

Within the design of the flow plate, another aspect to
consider is the effect of different configurations of the channels
distributing the water and conducting the product gases away
from the reaction sites. Possible configurations include pin-type
flow fields,*** straight flow fields,'®” serpentine flow fields,'
integrated flow fields,"? and interdigitated flow fields."
Considering the costs and time required to machine flow plates
of a suitable material, detailed studies of the effect of the flow
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plate configuration on the performance of the electrolyser are
lacking and performance testing is often carried out on a single
configuration due to cost and time constraints."* An additional
consideration in the manufacture of PEM electrolysers is the
weight of the system which is largely influenced by the heavily
engineered flow plates, current collectors and any further
engineering required to render the electrolyser safe and stable
particularly during high pressure operation.™

3D printing is an emerging technology which promises to
revolutionize many areas of manufacturing processes, trans-
forming the relationships between the design, manufacture and
operation of functional devices.* In recent years there has been
considerable interest in 3D-printing technologies for large-scale
industrial prototyping,™ and the manufacture of bespoke elec-
tronic'® and pneumatic devices."”** Considerable progress has
been made in demonstrating the utility of 3D printing in the
chemical sciences in the “reactionware” series of publica-
tions.”*** Herein we explore the revolutionary device fabrication
potential of 3D printing applied to the aforementioned chal-
lenges of the design and manufacture of electrolyser compo-
nents, resulting in a new manufacturing paradigm wherein 3D
printed components are, for the first time, incorporated into an
electrolyser.

Results and discussion
Preparation and characterisation of 3D printed flow plates

Fabrication of the flow plates was carried out using a Bits from
Bytes 3DTouch™ 3D printer using a layer by layer deposition
method. The plates were fabricated from polypropylene. Two
coats of silver paint were applied to the polypropylene flow
plate, curing at 120 °C after each coat had been applied and
allowed to dry at ambient conditions. It was found that this
silver coating adhered better if the flow plates were thoroughly
cleaned in detergent solution with ultrasound prior to appli-
cation of the paint. Failure to do this often resulted in areas of
the coating delaminating from the polypropylene surface
during curing. After coating with silver paint the flow plates
were considered suitably conductive for electrocoating. The
process of Polk et al.*® was adopted for the coating process
wherein a solution of 0.3 M AgNO; in 1 M NH; is used as the
electrocoating media. The final thickness of the coated layer
was 300 um.

The electrical resistance of the flow plates decreased with
each stage of the coating process. Average resistances measured
during the fabrication of 3 plates are given in Table 1. We
believe that the large standard deviations at each stage of the
coating process are due to variations in the thickness of the
layers applied by painting. Alternative methods of applying

Table 1 Electrical resistance of coated flow plates

Coat 1 Coat1-cured Coat2 Coat2 - cured Electro-dep.

Av. R (Q) 7.187
Std. dev. 5.441

1.924
1.271

0.849
0.311

0.519
0.144

0.002
0.002
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these initial silver layers that may reduce this variation will be
the subject of future work. For comparison, a variation of
0.002 Q in the ohmic region of the polarisation curve would
equate to an additional 26 mV or 1% of the total voltage
required to drive the electrolysis at the maximum charge
density. As shown in Table 1, after electrocoating with silver,
flow plates with extremely low resistance can be obtained,
however the performance of these plates in the electrolyser
quickly deteriorated. This was due to oxidation of the silver on
the anode during water electrolysis which resulted in silver ions
that were able to migrate through the Nafion® membrane to the
reductive side of the cell where they were reduced back to silver
resulting in both an increase in the resistance of the anodic flow
plate and irreversible damage to the Nafion® membrane. This
production of silver within a Nafion® membrane is known and
is exploited in the preparation of silver nanoparticles.** In order
to prevent this oxidation of the anodic flow plate, a layer of gold
was sputter coated onto the silver surface. This rendered the
anodic flow plate inert to oxidation. The resistance of the plates
was unchanged after sputter coating.

Photographic and SEM images of the flow plates at different
stages of their preparation are given in Fig. 2. All SEM images
were recorded at x1000 magnification and the scale bar corre-
sponds to 50 pum. Fig. 2a shows the polypropylene plate

(2)

(b)
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immediately after printing was complete and prior to applica-
tion of any coating. Fig. 2b shows the flow plate after application
of both layers of silver paint. The overlapping flakes of silver can
be clearly observed. Contrast this with the appearance after
electrodeposition of the silver (Fig. 2c) where layers of large
crystallites of silver can be observed. This dense crystallite
structure gives rise to the significant reduction in resistance
observed between the cured 2™ coating of silver paint and the
electrodeposited layer. The weight of the coated 3D printed flow
plate was compared with the weight of a flow plate fabricated
from titanium using an identical design. Both flow plates were 3
mm thick. The 3D printed flow plate was substantially lighter,
weighing only 13.9 g whereas the titanium flow plate weighed
59.2 g, more than 4 times as much. This is extremely significant
when one considers the number of flow plates that would be
assembled in a stack.

The costs of the components were compared using the
following market values: titanium $13.53 per kg;** poly-
propylene $1.54 per kg *® and silver $620 per kg.*” Using the
weights above this gives a materials cost for the titanium plate
of $0.80 per plate, compared with $0.17 per plate for the 3D
printed component, a cost which includes the deposition of
0.25 g of silver. This amount of silver is typical of that deposited
at the current used during electrocoating.

Fig. 2 Photographs and corresponding SEM images of polypropylene flow plates during various stages of coating. (a) Uncoated polypropylene.
(b) After curing of the 2"® coat of silver paint. (c) After electrodeposition of silver.
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Polarisation curves and efficiency

The relationship between current and voltage is critical to
assessing the performance of an electrolyser. The current will
increase with increasing voltage. Both the rate at which the
current increases with each voltage step and the onset voltage of
the electrolysis reaction are important measures of perfor-
mance. A low onset voltage is indicative of an effective catalytic
coating in the membrane electrode assembly whereas a rapid
increase in the current is associated with good electrical contact
between the components of the cell resulting in a low
resistance.

Polarization curves were collected for the 3D printed cell at
temperatures of 30, 50 and 70 °C and are illustrated in Fig. 3.

Onsets for water splitting are determined by extrapolation of
the ohmic (linear) region of the polarisation curve. The onset of
water electrolysis varied slightly with temperature: at 30 °C
onset was 1.61 V, at 50 °C onset was at 1.57 V, and at 70 °C onset
was at 1.54 V. The maximum current density achieved at 2.5 V
and 30 °C was 1.04 A cm™ 2. This increased when the tempera-
ture was increased to 50 °C, where a current density of
1.09 A cm ™ * was reached. There was no further improvement in
the performance of the cell when the temperature was increased
to 70 °C. Temperatures greater than 70 °C were not investigated
to avoid dehydration of the Nafion® membrane.

The limiting of the performance with increasing tempera-
ture is surprising as a standard electrolyser will achieve
progressively higher current densities at a given voltage as the
temperature increases. We believe that this limitation in
performance can be explained by comparing the linear thermal
expansion coefficients of the polypropylene substrate and the
topmost silver layer. The linear thermal expansion coefficient of
polypropylene varies with temperature from 1 x 10™* to 2 x
10~* K~ ' depending on temperature.”® This is 5-10 times the
value for silver (1.9 x 107> K™').° Given this expansion of the
polypropylene layer it is likely that this induces a distortion in
the silver coating, increasing the distance between the particles
and/or decreasing the extent of overlap. This will have the effect
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Fig. 3 Polarisation curve for water electrolysis in 3D printed
electrolyser.
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of increasing the resistance of the flow plate and effectively
cancelling out the expected improvement in performance at a
higher temperature.

The Faradaic and energy efficiencies of the cell were recor-
ded at 30 °C, 2 V and 0.39 A cm™ 2. The Faradaic efficiency was
94% and the energy efficiency was 70%. The 6% Faradaic loss
may be due to parasitic electrochemical processes occurring
within the flow plates, especially within the binder used in the
silver paint.

Electrochemical impedance spectroscopy (EIS)

Applying a direct current to an electrolysis cell results in an
overall cell voltage, V.ey, which can be described by eqn (1).

Vcell = Vrev + Vser + Vpol + Vcon (1)

This equation describes the overall cell voltage, V.. as the
sum of four components. V,., is the reversible voltage and is the
minimum voltage required for electrolysis to take place. This is
a function of the enthalpy of water and assumes no over-
potentials or resistances and all reagents and products being in
the gas phase. The remaining voltages can be considered as
inefficiencies which the cell operation and design attempt to
address. Vg, corresponds to the voltage drop associated with
the resistance of the various cell components e.g the
membrane, the electrodes and the quality of the connection
between these components. This connection is most often
optimised by varying the torque on the bolts that maintain the
integrity of the cell. ¥, is related to the voltage drop associated
with the activation energy of the oxygen and hydrogen evolving
reactions. V.o, is due to mass transfer effects, namely the
production of product gases at the electrodes and their efficient
removal such that sufficient reactant can continue to be
supplied to maintain a given charge density. Electrochemical
impedance spectroscopy allows us to probe the resistances
associated with these overpotentials in particular Vi, and Vj,
The Nyquist plots for the 3D printed cell are given in Fig. 4.

The series resistance (R;) was largely constant at all
temperatures, ranging only from 0.73-0.75 Q cm?. The polari-
zation resistance (R,,) spanned the range 1.87 Q ecm? at 30 °C to
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Fig. 4 Impedance Spectroscopy for water electrolysis using 3D

printed electrolyser.
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1.38 Q cm? at 70 °C. The minimum value was reached at 50 °C,
where R, was 1.30 Q cm?. The EIS results agree well with those
obtained from the polarisation curves. The fact that the EIS
curve is largely unchanged between 50 and 70 °C is reflected in
the similarities between the polarisation curves at these
temperatures. Although typically a lesser effect versus the
reduction in polarisation resistance with increasing tempera-
ture, the series resistance is also typically observed to drop. This
does not occur in our cell and is possibly due to the thermal
expansion of the polypropylene layer as previously discussed.

Durability

Our principal concern regarding the durability of the cell
related to the performance of the anode, wherein the silver is
prone to oxidation, leading to degradation of the performance
of the cell. In order to assess this durability, an electrolysis cell
was constructed consisting of a 3D printed flow plate for the
anode and a 3 mm thick titanium flow plate for cathode. In
other respects, the cell was identical to that used for all previous
experiments. The voltage response of the cell was recorded over
96 hours at a constant current density of 0.25 A cm 2. The
results are illustrated graphically in Fig. 5.

During the 96 h duration of the experiment, the performance
of cell decreases by an average of 2.1 mV h™', however this does
not fully describe the behaviour or the stability of the cell over
this time. The durability of the cell is characterised by 3 distinct
phases. During the first hour of operation there was a marked
decline in performance of 161.2 mV. After this initial degrada-
tion, the cell enters a period of comparative stability where the
performance degrades at 1.0 mV h™'. This phase lasts for
approximately 26 hours. Thereafter the cell becomes even more
stable degrading at only 0.14 mV h™" for the remaining 70 hours
of the experiment. The reason for these distinct rates of
degradation are not known, however they are likely to be asso-
ciated with electrochemical degradation of the binder compo-
nents of the silver paint and oxidation of any exposed silver
crystallites and concomitant degradation of both conductivity
and membrane performance.
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Fig. 5 Durability of 3D printed electrolyser.
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Experimental
Flow plate fabrication

The 3D-printed flow plates used in this work were designed on
the freely distributed 3D CAD software Autodesk123D (http:/
www.123dapp.com/) although any 3D modelling/CAD software
with the ability to export models in a .STL file format would
suffice for this, and there are a number of suitable alternative
free/open source candidates available on the internet. The device
designs were exported as .STL files (available from the authors),
which was then interpreted by Bits from Bytes Axon 2 software to
produce a 3D printer instruction file (.bfb file). This was subse-
quently transferred to the 3dTouch™ 3D printer. The printing
was conducted in a layer-by-layer fashion by the 3dTouch™
printer, and the devices were printed using polypropylene (PP).
The 3D printer used in this work had a print tolerance of +0.2
mm in the X and Y directions and the Z resolution (i.e. the height
of each layer of deposited thermopolymer) of the printer was
0.125 mm (£0.06 mm). The printed flow plates took approxi-
mately 2.5 hours to print. The active area of the flow plates, i.e.
the area in contact with the catalyst is 12.96 cm® The flow
channels are 0.9 mm deep and 0.9 mm wide.

Flow plate coating

Flow plates were ultrasonically cleaned in detergent solution for
10 minutes. The surface of the flow plate containing the chan-
nels was then painted using silver conductive paint (RS
components; product no. 186-3600). The paint was allowed to
air dry for one hour before being cured at 120 °C for 20 minutes.
A second coat was applied and cured in the same manner.
Electrocoating was carried out using the procedure of Polk
et al.”® Plating onto clean electrodes was accomplished from
0.3 M AgNO; in 1 M NH; by using a three-electrode cell at room
temperature. A silver wire served as reference electrode, and a
platinum gauze served as the counter electrode. Plates were
coated for 1000 s at 1.0 V. Typical currents observed were
200 mA. Sputter coating was carried out using a BioRad SC510
sputter coater equipped with a gold target. Coating was carried
outin an argon plasma at 1.5 kV, 20 mA and for 585 s, giving rise
to a coating of approximately 1.04 pm. Thickness of the coatings
were measured by delamination of the coating from the poly-
propylene substrate by heating to 120 °C and bending the flow
plate. The thickness of the resultant flakes was measured using
digital callipers, accurate to £30 pm. Resistances of the flow
plates were measured via impedance spectroscopy and were
carried out using a Bio-Logic SP-150 potentiostat equipped with
a VMP3B-20 20A booster. Data was collected and analysed using
EC-Lab (v10.36) software. Measurements were carried out at 0 V
versus reference at a frequency of 100 kHz and a sinus ampli-
tude of 20 mV. The uncompensated resistance (R,) is quoted.

Electrochemical cell construction

The configuration of the cell is given in Fig. 1. The interface
between the flow plate and the Nafion membrane was gasketed
with 0.12 mm PTFE (anode) and 0.15 mm Klinger (cathode)
gaskets. The stack compression was 7.5 Nm. Deionised water

This journal is © The Royal Society of Chemistry 2014
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was supplied to the anode of the cell at a flow rate of
10 ml min~'. The temperature in the cell was controlled by
heating the deionized water reservoir in a water bath. The
temperature of the feed water was measured by K-type ther-
mocouples inserted into the feed water reservoirs. Temperature
data was recorded using a Pico TC-08 data logger and PicoLog
for Windows v5.22.1 (Pico Technology Ltd.).

Electrochemical characterization

Measurement of the current density as a function of cell
potential, and electrochemical impedance spectroscopy (EIS)
were carried out using a Bio-Logic SP-150 potentiostat equipped
with a VMP3B-20 20A booster. Data was collected and analysed
using EC-Lab (v10.36) software. Impedance spectroscopy
measurements were carried out with potentiostatic control, in
single sine mode and sweeping from 20 kHz to 0.1 Hz. The
amplitude of the excitation signal was 0.01 V. The series resis-
tance was determined from the intercept of the Nyquist plot
with the real axis. The polarization resistance was calculated
from the difference between the low and high frequency inter-
cepts on the real axis. Curves were fitted using the equivalent
circuit L, + Ry + Q,/R,, where L, represents an inductor, R, is the
series resistance of the cell (R;), R, is the polarisation resistance
of the cell (R,) and Q, represents a constant phase element.
Optimisation of the fitted curve was achieved using a randomise
followed by a simplex curve fitting strategy. Weighting was set at
1, indicating that equal importance is given to all data points.

Efficiency measurements were carried out by setting the cell
to 2 V. The hydrogen produced was collected in a 50 ml gas
burette equipped with a levelling bulb. Gas collection was
carried out over 60 seconds. Data was averaged over 4 repeti-
tions and gas volumes were corrected for temperature and
barometric pressure. Energy efficiencies were calculated on the
basis of the higher heating value of hydrogen.*

Scanning electron microscopy

Scanning electron microscopy was performed with a Philips
XL30 ESEM instrument equipped with an Oxford Instruments
Energy 250 energy dispersive spectrometer system at an accel-
eration voltage of 25 kV. Samples were loaded into the instru-
ment on 25 mm AGAR scientific conductive carbon tabs. Images
were obtained with acceleration voltages 25 kV and images were
collected using Oxford Instrument INCA 4.09 Microanalysis
Suite - Issue 17b.

Conclusions

We have demonstrated that a viable, practical electrochemical
device can be fabricated using a 3D printer and appropriate
surface coatings. The potential for rapid prototyping should
allow for exploitation of the optimal flow plate geometries for a
given device. The reduction in cost and weight should prompt
further exploration of the potential of renewable hydrogen
production and use in applications demanding such properties.
Further work in this area will include extension of the applica-
tion of 3D printing to other electrochemical devices, e.g. fuel
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cells and the further investigation of different materials and
coating methodologies.
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