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� Inkjet printing of PEMFC catalytic

and membrane layers was suc-

cessfully performed.

� Three approaches were developed

and realized towards full additive

manufacturing.

� Layer thickness and Pt-loading

met target values and were over-

all homogeneous.

� Inkjet-printed CCM proved effec-

tive in terms of electrochemical

performance.

� Inkjet-printed CCM yielded peak

power density 15% higher than

that of baseline CCM.
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a b s t r a c t

Inkjet printing is a versatile, contactless and accurate material deposition technology. The

present work is focused on developing innovative strategies for inkjet printing of Catalyst-

Coated Membranes (CCM) by performing Additive Manufacturing (AM) applied to Polymer

Electrolyte Membrane Fuel Cells (PEMFC), without resorting to intermediate substrates.

Three different approaches for AM are presented and discussed: a) inkjet-printing of the
g; CCM, catalyst coated membrane; DoD, drop on demand; GDL, gas diffusion layer; MEA,
zimidazole; PEFC/PEMFC, polymer electrolyte membrane fuel cell; PTFE/ePTFE, (expanded)
tron microscopy; XRF, X-ray fluorescence spectroscopy.
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membrane ionomer layer and the top catalyst layer; b) inkjet-printing of both catalyst

layers onto a membrane; c) inkjet-printing of the ionomer layer as well as the catalyst

layers onto the reinforcement layer of the membrane. The produced catalyst and mem-

brane layers were characterized and proved uniform in terms of catalyst loading (0.2e0.4

and 0.08 mgPt cm
�2 for cathode and anode, respectively), ionomer distribution and thick-

ness homogeneity (4 mm for catalyst layers). The fully inkjet-printed CCM outperformed

conventionally made assemblies in electrochemical-performance testing, even reaching

15% higher power density.

© 2022 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Polymer Electrolyte Membrane Fuel Cells (PEMFC or some-

times PEFC) are on the rise to become the successor to con-

ventional technologies for electric power generation in both

stationary [1] and mobile applications [2]. As a result from

constant improvement in terms of robustness and durability,

PEMFC technology is expected to be extensively implemented

within the next 10e15 years [3]. However, this scope can be

achieved only if transition from low-volume to mass pro-

duction is effectively straddled to meet the market maturity;

this can be achieved by an efficient and continuousMembrane

Electrode Assembly (MEA) manufacturing, with an MEA con-

sisting of a Catalyst Coated Membrane (CCM) with a Gas

Diffusion Layer (GDL) assembled on each side.

Currently, the industrial production of all the components

such as catalyst and ionomer e for electrodes and mem-

brane, respectively e is performed through independent,

separate steps on decal transfer substrates, which are

assembled together with the membrane only at the end of

the process by tempered lamination [4,5]. Adding of GDL on

both sides of the laminated CCM generates the MEA, thus

ending the process [6,7]. Unfortunately, all the methods are

non-continuous, which often causes non-homogeneity of

the layers, local delamination, recurring defects [8] and

waste of rawmaterials (i.e., the rather expensive catalyst and

ionomer [9,10]), ultimately making production slightly less

than perfect. The process of membrane manufacturing is

even more cumbersome, since the presence of a permeable

perforated mechanical support e expanded polytetrafluoro-

ethylene (ePTFE) for low-temperature PEMFC and poly-

benzimidazole (PBI) for high-temperature PEMFC e within

the membrane is required to add mechanical strength to the

layer itself, otherwise consisting of the sole ionomer. The

recently developed direct deposition of catalyst material

onto the membrane by slot-die coating [11] partly addresses

the aforementioned issues. It is carried out to form the CCM

followed by adding the GDL. Although the latter also requires

pressing of the GDL onto the CCM to form the MEA, cold

pressing is usually sufficient [12,13] and therefore the prop-

erties of membrane and catalyst layers (e.g., porosity, tor-

tuosity, tailored gradients) may not be altered, since

exposure to high temperatures is eliminated [14].

In order to leap from a discontinuous process to contin-

uous production, a set of innovative deposition techniques

has been considered over the last decade. Notably, both
coating and printing techniques have been tested for fabri-

cating fuel cell layers in an attempt to step towards industrial

roll-to-roll production: slot-die coating [11,14], knife coating

[14], gravure printing [15e17], bar coating [18,19], together

with screen printing [20] and inkjet printing [21,22] were

employed to either manufacture a whole CCM or parts of it,

mainly focusing on catalyst layers.

Compared to the aforementioned techniques, inkjet printing

features a higher degree of freedom in patterning and produc-

tion flexibility [23]. Accurate droplet jetting with volumes

ranging from microliter down to picoliter order of magnitude

can be used very precisely for dosage of functional materials

deposited per unit of area onto the substrate. Typical drop vol-

umesofdropondemand (DoD) inkjet technology lie in the range

of 0.5e500 pl, corresponding to diameters of 10e100 mm [24,25],

with high flexibility as a result of the firm control on droplet

trajectory, which also yields to a deposition accuracy of less

than 5 mm. This constitutes the remarkable advantage of inkjet

over mainstream non-contact coating methods such as spray

coating. Moreover, inkjet printheads do not come into contact

with thesubstrate, yieldingabetterdeposition in termsof shape

and amount of ink released locally.

Ink formulation for each of the reviewedmethods is dictated

byphysicalprinciplesandrestrictionssuchasdynamicviscosity

andgravimetricdensity that thechosenmethodcanhandle [26].

It is a prerequisite for the ink to contain targeted loading of

catalyst particles and fulfill requirements in terms of catalyst/

ionomer weight ratio and solid content-to-solvent ratio, with

solvents being needed to stabilize the ink as a dispersion. The

dispersion should also possess surface tension that is suffi-

ciently high to prevent ink dripping from the nozzles [25].

Another main requirement is particle size in the sub-

micrometric range be significantly smaller than 1/10 of the

nozzle diameter in order to avoid nozzle clogging [27]. Notably,

particle-aggregation tendencyhas tobesuppressed tominimize

clogging phenomena, thus ensuring stable jetting from the

printhead nozzles during operation. This can be achieved by

using appropriate additives or tailoring the ink formulation,

acting on concentration of compatible solvents that feature

different boiling point and volatility. Ultimately, it is a prereq-

uisite that formulation be also chemically inert to the selected

printhead and ink supply system, since swelling of plastic parts

or corrosion of metal components may lead to considerable

damage of the hardware and poisoning of the catalyst elec-

trodes, hence substantially reducing the electrochemical per-

formance [28e31].

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ijhydene.2022.04.197
https://doi.org/10.1016/j.ijhydene.2022.04.197


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 7 ( 2 0 2 2 ) 2 0 9 7 3e2 0 9 8 6 20975
Among the previous studies employing inkjet printing for

PEMFC layer manufacturing, Taylor et al. [32] deposited

aqueous catalyst inks onto GDL, realizing a loading gradient of

catalyst material in the electrode. These electrodes performed

comparatively better than the conventional, uniformly coated

catalyst layers under the same overall platinum loading.

Shukla et al. [22,33] produced thin catalyst electrodes by inkjet

printing, applying low platinum loading, ranging from 0.014 to

0.113 mg Pt cm�2. Scanning Electron Microscopy (SEM)

[22,33,34] proved that the ink-jetted layers possess porous

structure and Pt/C catalyst aggregates partially covered by the

included ionomer, therefore they provide optimal three-phase

interface. Different strategies to optimize the use of Pt/C

catalyst through tailored gradients of catalyst content or

porosity distribution were also investigated [22,35e37].

Notably, electrodes produced by inkjet printing yielded elec-

trochemical performance comparable to those of conven-

tionallymanufactured [37]. It is reported that direct deposition

of the catalyst onto the Nafion® membrane shows similar

high performance, with the advantage that no post-

processing, such as lamination, is necessary, thus allowing

further cost reduction and production-rate increase. Recently,

improvements in ink formulation also resulted in matching

quantitative values of layer transport properties between

inkjet-printed electrodes and those fabricated conventionally

[38]. In addition to catalyst layers, inkjet printing has been

used to deposit the ionomer material, especially Nafion®, as

themembrane onto a catalyst layer to form theMEA in a direct

deposition method. The membrane thickness governs certain

transport phenomena such as back-diffusion of water and

fuel crossover, therefore it impacts on fuel-cell performance

to a great extent [22,39e41]. An improvement related to a

different drying regime of the inkjet-printed membrane was

achieved by Wang et al. [42], which resulted in more compact

layers compared to those produced by spray coating.

As reported in the reviewed literature sources, separate

deposition of catalyst layer and membrane layer has been

investigated quite extensively at laboratory scale. As a further

progress, the scope of the present work is to perform additive

manufacturing of the functional layers involved by inkjet

printing: both the catalyst layers (electrodes) and the ionomer

layer included within the membrane were deposited through

industrial fabrication strategies, then compared to lab-scale

experiments [43]. An experimental approach was developed

and realized for multilayer inkjet printing, as inspired by

recent contributions [44,45]. The whole effort can pave the

path to future implementation of the proposed methodology

by MEA manufacturers in the context of scaling up volumes

together with increasing layer quality. Ultimately, the out-

comes from this researchmay serve as a foundation towards a

more cost-effective and roll-to-roll CCM production.
Experimental setup and methodology

Experimental set-up and general conditions of the
experiments

Inkjet-printing experiments were conducted at lab scale,

employing a commercial printing equipment, the Digital
Materials Printer DMP-2831 by Fujifilm Dimatix. It is a stand-

alone inkjet-printing system designed for proof of concept

and rapid prototyping in laboratory-benchtop mode. This

inkjet printer features high versatility, as it is capable of

jetting a variety of inks (i.e., aqueous, alcohol based, UV-

curable, solutions and dispersions). High chemical compati-

bility is associated with the employed silicon nozzles (nozzle

diameter of 21.5 mm). For instance, it is widely used for sci-

entific and technical research in printing electronics, e.g. for

certain conductive inks [46,47]. It is worth noting that the

selected printer is capable of producing samples at relatively

low speed, due to the limited number of nozzles and the small

droplet volume: 16 nozzles compared to typical pilot and in-

dustrial printheads endowed with 256e2048 nozzles and

droplet volume of 10 pl maximum compared to 50e80 pl for

industrial printheads. As a reference, printing a single sample

of 50 mm � 50 mm may require up to 6 h, depending on the

number of operated nozzles and the number of deposited

layers.

As previously shown for electronics applications [46,47], a

variety of inks loaded with solid nanoparticles are currently

processed by similar printing machines. Therefore, the

deposition of catalyst layers is also feasible, since Pt/C parti-

cles are usually of size between 100 nm and 1 mm [48]. Ink

printability is determined by fluid properties: viscosity, parti-

cle loading and particle-size range are dictated by nozzle

diameter and chemical compatibility. So, limitations of the

selected printing machine, such as small nozzle diameter or

relatively low deposition rate, should not be mistaken for

general disadvantages of the inkjet-printing method. The

employed printhead is able to process solid particles of about

1 mm maximum size; however, it is recommended that parti-

cle size be in the order of 1/100th of the orifice diameter (about

200 nm as the optimal value) [27,49]. Moreover, as mentioned

in the previous section, ink viscosity is limited by the inherent

constraints of the implemented technique and shall be ideally

near to 10 mPa s (12 mPa s maximum) at 60 �C, which is the

maximal operating temperature of the printhead. As addi-

tional requirements, pH in the range 4e9 and a surface ten-

sion between 28 and 33 dyn cm�1 is preferable.

Droplet spacing e a key parameter in inkjet printing e is

the distance between a generic droplet and the next one along

a generic coordinate and is used to determine the number of

droplets per unit area, thereby defining the catalyst loading of

the sample as the result of deposited ink volume per unit area.

Typically, a Cartesian coordinate system is projected onto the

substrate, with x axis corresponding to the carriage direction

(i.e., the direction along which the printhead moves) and y

axis being perpendicular to the former. In piezo-driven DoD

inkjet printing, a waveform editor allows tuning the electronic

pulses to govern the piezo actuator inside the printhead and

ultimately govern the jetting of ink droplets. So, the timing

between moving speed of the printhead and two consecutive

pulses is the parameter governing droplet spacing over the

target substrate along the x axis, together with indirectly

imposing type and frequency of nozzle-cleaning cycles.

Therefore, timing and voltage of the waveform and other

cartridge settings can be actively adjusted while monitoring

droplet formation to attain the desired spacing. The angle of

inclination of the printhead with respect to the carriage
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direction, the Sabre angle as, needs to be adjusted manually to

impose the desired droplet spacing along y axis. In summary,

pulse frequency, moving speed of the printhead and Sabre

angle are the three parameters that determine print resolu-

tion, since nozzle spatial distribution within the printhead is

fixed. Table 1 reports resolution and droplet spacing as a

function of Sabre angle for the selected inkjet printer. In the

selected printingmachine, drop spacing is adjustable between

5 mm and 254 mm. The procedure of drop spacing optimization

by adjusting pulse frequency and inclination angle is carried

out for each deposited ink separately, depending on the

different ink properties and the layer characteristics to be

attained.

The employed printing system can print patterns up to

200 mm � 300 mm on its tempered vacuum platen. Hardware

and software were not customized for the experiments

involved in the present research. It is worth remarking that

scaling up to mass production may imply redesigning and

modifications of some technical aspects; however, the devel-

oped approach to inkjet-printing of fuel cell layers may be

employed as is in assembly lines featuring industrial printers,

since similar designs and concepts are involved.

Experimental procedure for layer deposition

In the conducted experiments, dispersions containing Pt/C

catalyst and ionomer, as well as inks containing only ionomer

were employed; they were nearly identical to those typically

used for deposition of electrode active layers and membrane

layers. The detailed formulation of catalyst inks and the pro-

cedure to prepare them is proprietary of Johnson Matthey Fuel

Cells. In general, the core of catalyst inks is an elaborate

formulation of Pt/C agglomerates, ionomer, distilled and

deionized water, and/or alcohols. The inks may also contain

negligible amounts of surfactants, chelating agents and

binders to tune viscosity and colloidal stability. Cathode inks

with a solid content in the 10e20wt% range, anode inks with a

solid content in the 5e15 wt% range and an ionomer disper-

sion with a solid content in the 15e25 wt% range were used in

the conducted experiments. As for viscosity, all the employed

inks exhibit values around 20 mPa s: as measured by San-

tangelo et al. [50] over the 1000e15,000 s�1 range of imposed

shear rate for three representative inks, viscosity of the ion-

omer solution is between 20 and 25mPa s, while ranging from

10 to 20 mPa s for catalyst inks. It is also worth remarking that

those inks generally exhibit Newtonian behavior.
Table 1 e Resolution characteristics of the DMP-2800
Series inkjet-printing machines by Fujifilm Dimatix.

Resolution [dpi] Sabre angle aS [�] Droplet spacing [mm]

5080.00 1.1 5

2540.00 2.3 10

1693.33 3.4 15

1270.00 4.5 20

1016.00 5.6 25

846.67 6.8 30

317.50 18.4 80

203.20 29.5 125

100.00 90.0 254
In order to provide proper functionality of catalytic layers,

certain microstructural characteristics, such as porosity, are

to be properly set. Particle size, distribution network of the

ionomer and drying procedure are the main factors deter-

mining porosity. As mentioned in Subsection 2.1, a prerequi-

site for inkjet printing is making ink viscosity and solid-

particle size fall within ranges suitable for the printhead. For

the ionomer ink, these requirements are generally met, but

the catalyst inks may feature relatively higher viscosity and

larger particle size than the recommended values. As for vis-

cosity, all the employed inks exhibit values around 20 mPa s.

With regard to the solid content, the characteristic D90 of Pt/C

agglomerates (i.e., representative particle size larger than 90%

of the particles in the ink) was in the order of 1 mm. So, ink

viscosity and particle size are at the limits of the operative

ranges suggested for this type of printingmachine. In general,

a solid content with higher D90 could be more beneficial, but

for the sake of printability inks with lower D90 were used.

Smaller Pt/C ratio may generate a denser layer instead, also

reducing its porosity and therefore performing poorly from an

electrochemical standpoint.

At the beginning, the substrates for catalyst ink deposition

were PTFE sheets and subsequently ionomer membranes.

Finally, additively-manufactured intermediate production

layers were used. They were either held by the vacuum platen

or constrained within a customized rigid frame. The active

surface of the electrode layers was 52 mm � 52 mm for the

anode and 50 mm � 50 mm for the cathode. Overall, the ex-

periments were conducted at room temperature; both the

printhead and the substrate were kept at 28 �C, with drop

spacing set between 5 mm and 15 mm. As described in

Subsection 2.1, waveform and Sabre angle (Table 1) were

modified for each tested deposition to achieve the following

nominal targets in terms of layer characteristics: average

catalyst content over the entire active surface of 0.3 mg Pt

cm�2 and 0.1 mg Pt cm�2 for cathode and anode, respectively;

8 mme14 mm thickness for catalyst layers after drying. In the

light of these target values, the desired drop spacing in

depositing the anode layer was evaluated as 12 mme15 mmand

as 5 mm in cathode-layer deposition, with single-pass printing

for each of the electrodes. For the ionomer deposition, a 2-

pass printing was performed instead.

Nozzle clogging was observed during printing experiments

when catalyst ink was involved, even though the solid content

of the employed inks was lower than the suggested value of

25 wt% [49,51]. This phenomenon is rather common in inkjet-

printing of functional materials, since the liquid phase partly

evaporates prior to droplet release. If the solvent is very volatile,

this results in solid particles remaining attached to the nozzle

and nozzle-plate walls, thus obstructing ink flow. The unwel-

come effect caused poor quality of the printed layers with

missing lines and missing spots; the extent of that tends to

deteriorate throughout the experiment, sincemore nozzles are

affected. Therefore, the longer the printing time, the more ar-

tefacts may occur on deposited layers. This issue was

addressed by making relative humidity increase at the nozzle

outlet: to this end, a water/alcohol-soaked tissuewas added, an

approach known as “vapor trap”. This approach turned out as

effective andwas applied in thewhole experimental campaign.

From a chemical standpoint, other strategies to limit clogging
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have been suggested and developed [52,53], which mainly

consist of including additives that exhibit very low tendency to

evaporate (e.g., glycol-based compounds). However, this

approach was not adopted in the present work, as the included

chemicals remain in the catalyst layer even after the final

drying and have a detrimental effect on the performance.

Lengthy non-operating periods of either individual nozzles or

the entire printhead may also cause clogging.

Approach to multilayer printing

Multilayer and sequential deposition, the ultimate goal of this

work, was performed by implementing three different ap-

proaches that were developed as based on the experience and

the results obtained while depositing single layers. Fig. 1

shows a sketch presenting the workflow of the first strategy,

called “CCM on carrier”.

In this bottom-to-top printing approach, the first catalyst

layer e either the anode or the cathode, since the deposition

order was determined as irrelevant through this methodology

ewas coated onto a PTFE carrier substrate (Fig. 1A) by slot-die

coating. On top of this dried layer, the ionomer was deposited

by inkjet printing to generate themembrane (Fig. 1B) and then

let dry. As a mere drawback of handling the involved layers

manually, it was not possible to include the ePTFE reinforce-

ment layer (Section Introduction) into the wet ionomer layer,

but the inclusion would be feasible if the process were

automatized. As the last step, the second catalyst layer

(Fig. 1C) was also deposited by inkjet printing and let dry. The

result was a full CCM on top of a PTFE carrier substrate,

available for further processing.

The second approach, called “floating CCM”, was devised

to generate a CCM starting with a commercial Nafion® 115

membrane (125 mm thickness) without employing any

carrier substrate (Fig. 2), thus being mechanically more

complex.
Fig. 1 e CCM on carrier: additive manufacturing onto PTFE carr

printing of the ionomer to generate the membrane; (C) inkjet pr

Fig. 2 e Floating CCM: additive manufacturing onto membrane;

printing of the first catalyst layer; (C) inkjet printing of the seco
In a pre-processing step, the seal frame was applied to the

membrane after the membrane had been fixed inside a rigid

frame. It is worth clarifying that the seal is not a functional

layer for the chemical reaction involved [43] and its

manufacturing exceeds the scope of the present work. The

seal-membrane assembly remained firmly stabilized in the

used frame (Fig. 2A). Subsequently, the first catalyst layer was

deposited by inkjet printing within the existing seal frame

(Fig. 2B) and let dry. After drying was completed, the whole

sample was turned over and the second catalyst layer was

printed onto the uncoated side of the membrane to form the

counter electrode (Fig. 2C). After the final drying process, the

resulting CCM could be removed from themounting frame and

further processed (Fig. 2D).

The third approach, called “ePTFE CCM”, is presented in

Fig. 3, arguably the most complex at lab scale, but very

promising for industrial production.

It is also the most comprehensive one, since it includes full

forming of the membrane. It starts one step earlier than

“floating CCM” (Fig. 2): instead of starting from a complete

membrane, the ePTFE reinforcement layer (2 mme5 mm thick-

ness) was fixed inside a rigid frame and was employed as the

seed layer. Moreover, in this method the seal frame was man-

ufactured as a preliminary step in the workflow to add me-

chanical stability. The whole seal-reinforcement carrier

remained inside the frame (Fig. 3A). In the first printing cycle,

the ePTFE layer was impregnated with the ionomer ink by

inkjet printing on both sides to generate themembrane (Fig. 3B)

and let dry. Onboth sides of the printedmembrane, the catalyst

layers were deposited by inkjet printing one after another

(Fig. 3C) and let dry. Finally, the fully inkjet-printed CCM could

be removed from its frame and further processed (Fig. 3D).

The overall approach proposed here falls within the realm

of additive manufacturing as defined by a recognized stan-

dard, since materials are added together “layer upon layer” to

form a monolithic functional device [54]. Notably, the three
ier; (A) slot-die coating of the first catalyst layer; (B) inkjet

inting of the second catalyst layer.

(A) mounting of the membrane for inkjet printing; (B) inkjet

nd catalyst layer; (D) CCM finished and detached.

https://doi.org/10.1016/j.ijhydene.2022.04.197
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Fig. 3 e ePTFE CCM: additive manufacturing onto ePTFE; (A) mounting of ePTFE for inkjet printing; (B) inkjet printing of the

ionomer to form the membrane; (C) inkjet printing of the catalyst layer; (D) CCM finished and detached; steps (B) and (C) are

performed on both sides of the reinforcement layer.
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developed methods exploit additive manufacturing to an

extent that varies from depositing the sole catalyst layers to

depositing all the layers included in a CCM.

Evaluation of layer characteristics and performance

A set of X-ray fluorescence spectroscopy (XRF) measurements

was conducted on the single layers, mainly to assess how the

target amount of catalyst and the target thickness were met

by the inkjet-deposited layers; the employed device is an X-

MET8000 analyzer by Hitachi High-Tech. Moreover, optical mi-

croscopy analysis of both, single layers and multilayer as-

semblies, was carried out employing a KH-8700 3-dimensional

digital microscope by Hirox to detect defects that may arise as

final drying is completed. Electrochemical performance anal-

ysis was also conducted to ultimately compare the CCM

manufactured by the approaches described in Subsection 2.3

with those conventionally made.

Thickness measurements were performed employing a

Dektak 150 stylus surface profilometer by Veeco to evaluate dry-

layer thickness. For the characterization over the whole sur-

face, threemeasurementsweremade in different regions of the

printed catalytic layers with a ±0.4 mm resolution and a mea-

surement range of 65.5 mm on a scan length of 4.5 mm.

Acquisition of data points started on the uncoated PTFE
Fig. 4 e Catalyst layer (anode) under optical microscopy with ba

(SEM) (right); top: sample with many defects originated by nozz
substrate to investigate the transition from substrate to printed

catalyst layer, thus even assessing the quality of the printed

edges of the layer.

Tests for electrochemical performance of the fuel cell were

conducted using FuelCon test bench with test cell fixture

quickCONNECT qCf FC25 by BalticFuelCells GmbH and Solar-

tron Modulab potentiostat booster 12 V/20 A by AMETEK, Inc.

For the electrochemical measurements, activation and break-

in of all the cells were performed with a standardized proto-

col implementing the recommendation of the Fuel Cell and

Hydrogen Joint Undertaking (FCH JU) EU harmonized test pro-

cedure. Fewmodifications based on the goals and requirements

of the project were applied. The polarization curves were

measured under the conditions that are near to realistic oper-

ation requirements of such in mobility application.
Results and discussion

Single layers

A preliminary analysis on the inkjet-printed single layers was

carried out to better assess and optimize the setup of the

printing experiment (Subsection 2.1). Some tests were both

quantitative and qualitative, whereas others were aimed at
cklight illumination (left) and scanning electron microscopy

le clogging; bottom: sample of better quality.
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evaluating how the layers met specific target values reported

in Subsection 2.2 with regard to chosen parameters.

Firstly, a simple assessment of the catalyst layer quality

was made by back-illuminating a single printed layer. This

very practical approach allowed emphasizing the negative

effects of nozzle clogging on the quality of dried printed layers

(Subsection 2.2): Fig. 4 shows a typical result, mainly high-

lighting the comparison between a less-than-perfect layer

(Fig. 4, top) and an improved one (Fig. 4, bottom).

Several defects are known to occur and limit the perfor-

mance of a functional layer, typically pinholes, cracks and

delamination [8]. Nozzle clogging throughout printing made

missing material clearly visible by back illumination in Fig. 4

(top left), where a continuous series of pinholes along verti-

cal lines (characteristic size of up to 10 mmper each hole, about

10 lines over the whole printed area) yielded the undesired

“starry night”-like defect, also typical of stress-induced flaws

in polymer films [55]. That prompted the implementation of

anti-clogging strategies, as the vapor trap described in

Subsection 2.2, which resulted in remarkably improved layer

quality (Fig. 4, bottom left). As shown, some pinholes along a

few lines still occurred though, which might be inherent and

arguably more related to drying stresses or missing individual

droplets; however, the presence of pinholes along vertical

lines suggests that clogging mildly affected deposition, thus

requiring further effort. A SEM analysis of the two previously

tested layers was also conducted, focusing on their cross

section. As shown in Fig. 4 (top right), thickness in-

homogeneity [8] occurred in the poorly deposited layer,

ranging between a maximum of 10.5 mm and a minimum of

6 mm. Conversely, the bottom right image of Fig. 4 exhibits a

practically constant thickness of anode sample, nominally

equal to 6 mm.
Fig. 5 e Pt loading profile of inkjet-printed single catalyst layers

mgPt cm
¡2, minimum: 0.058 mgPt cm

¡2, maximum: 0.120 mgPt
0.230 mgPt cm

¡2, minimum: 0.123 mgPt cm
¡2, maximum: 0.356

Fig. 6 e SEM analysis of the inkjet-printed catalytic laye
Subsequently, the Pt-loading was investigated by XRF

analysis on the catalyst layers, printed with anti-clogging

measures. Fig. 5 shows the results from that test for a set of

samples of both electrodes (above/below picturewith nominal

loading of 0.1 mgPt cm
�2/0.3 mgPt cm

�2).

The results highlight an overall effective ability of the

printing technique and devised approach to achieve target

values (Subsection 2.2) as an average over the active surface.

In addition, local deviations from target values and general

inhomogeneity of the printed layers in terms of catalyst

loading can be identified. It is worth noting that homogeneity

along the printing direction (carriage direction, x axis in

Fig. 5) is rather high, with a maximum deviation from the

average of ±0.005mgPt cm
�2. However, larger fluctuations are

apparent along the coordinate perpendicular to the printing

direction (y axis in Fig. 5), with amaximum deviation of ±0.05
mgPt cm

�2. The ultimate reason for this discrepancy lies in

the inhomogeneous layer thickness, mainly resulting from

non-constant amount of deposited material due to partial

nozzle clogging. Therefore, a combined approach to correlate

Pt-loading with deposition parameters was implemented,

which consisted of evaluating layer thickness by SEM anal-

ysis of the cross-section, since catalyst loading is propor-

tional to the thickness of the dry layer [56]. Notably, Fig. 6

shows the results from SEM analysis of both the anode and

the cathode: in both samples a clear variation of the layer

thickness can be identified, ranging between 7 mm and 8 mm

for the former and between 9 mm and 10 mm for the latter.

As previously observed about Pt-loading, this in-

homogeneity is arguably due to spatially variable deposition,

even though drying conditions may also have an impact on

that. Overall, the correlation between layer thickness and Pt-

loading of the samples seems relatively evident: in the
. Left: anode layer (target: 0.08 mgPt cm
¡2, average: 0.089

cm¡2); right: cathode (target: 0.2e0.4 mgPt cm
¡2, average:

mgPt cm
¡2).

rs: cross-section of anode (left) and cathode (right).
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regionswhere layer thicknesswas lower than the target value,

so was the catalyst loading.

The reported analysis prompted a further optimization of

printing parameters to obtain more homogeneous layers

without compromising the average Pt-loading, which proved

consistent with the target values for both electrodes. To this

end, action on drop spacing was taken, since the volume of

material deposited onto the substrate to generate the layer is

related to the inverse drop spacing to the power of two [57].

This relationship provided a guidance to obtain an optimized

drop spacing for achieving a more uniform Pt-loading. From a

practical standpoint, that implied a combined action on both

Sabre angle and frequency of the firing signal (pulse frequency

in Subsection 2.1). Moreover, duration and type of cleaning

cycles were also adjusted, since they are mostly run through

sub-firing signals that occur between two consecutive droplet

releases. As mentioned in Subsection 2.2, it was observed that

deposition at room temperature is also effective for the cata-

lyst inks and yielded optimal printing results. After imple-

menting the abovementioned adjustments to drop spacing,

further analysis of the printed samples was conducted by XRF

for specific element mapping: a more homogenous and

consistent catalyst distribution over the active surface of both

anode and cathode layers was proved in comparison with the

previous set of samples. Finally, Pt-loading consistency with

target values appears overall achievable by inkjet printing,

with small fluctuations along the printing direction and along

the direction perpendicular to that.

A less demanding layer in terms of performance re-

quirements, the ionomer layer was mainly analyzed by pro-

filometry. Notably, three samples were tested to evaluate

layer thickness of the ionomer solution described in

Subsection 2.2 and deposited onto a PTFE substrate in multi-

pass (i.e., 2-pass) printing mode. An average thickness was
Fig. 7 e Microscopy images of a multilayer structure generated b

D) back light: A, C) top inkjet-printed catalyst layer; B, D) all seq
detected as about 4 mm, with variation over the whole surface

yielding roughness that could be even visually identified. In

spite of maximum spatial deviation of 1 mm over each indi-

vidual sample and 0.5 mm between samples over all the

measurement points, it appears that inkjet printing under the

selected printing approach was generally capable of meeting

the target thickness. It is worth remarking that the produced

samples are mostly a proof of concept, since the typical

thickness of PEMFCmembranes lies between 10 mmand 50 mm

[58e60].

Multilayer structures

The analysis of multilayer assemblies produced by the inkjet-

printing approach described in Subsection 2.3 was performed

mostly by optical microscopy and SEM evaluation against the

produced samples. The first multilayer manufacturing

method (the “CCM on carrier”, Fig. 1) consisted of inkjet-

printing the ionomer and a catalyst layer onto a pre-

manufactured, slot-die coated catalyst layer. These samples

have not been ultimately tested in terms of electrochemical

performance, since the “CCM on carrier” approach is mostly

focused on optimizing deposition. Some optical-microscopy

images of the sample surface are shown in Fig. 7, with print-

ing direction being from left to right: as the main drawback of

this method, the analysis revealed missing lines (i.e., series of

pinholes along a line) and cracks occurring over the top,

inkjet-printed catalyst layer. Notably, Fig. 7a and c presents

only the catalyst layer inkjet-printed on top of the ionomer. As

already remarked in Subsection 3.1, the use of backlight

generally makes defects and particularly missing material

become more easily detectable. The defects shown in the

images were most likely caused by high tensile stress within

the multilayer assembly during the drying process. Since
y the “CCM on carrier” approach, without (A, B) and with (C,

uentially printed layers.
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during drying of the ionomer ink on the previous catalyst layer

drop pinning exerts negative hydrodynamic pressure on the

substrate causing partial delamination and formation of pin-

holes and since nozzle clogging had been almost fully

addressed by dedicated strategies, the visualized defects are

believed to bemainly due to drying dynamics (Subsection 3.1).

In Fig. 7 surface roughness can be seen. However, attaching

of a GDL layer in actual operating conditions would imply

exerting pressure on top of those rough surfaces, whichwould

result in properties not being significantly changed, since

applying pressure is well-known as a mechanical strategy to

reduce undesired additional resistance e both thermal and

electrical e induced by irregularities.

Fig. 7b and d presents the full assembly. The alignment of

the various layers was shifted as they were sequentially

deposited (i.e., ionomer, followed by the second catalyst layer)

to clearly distinguish the respective edges, thus allowing a

visual assessment of the edge quality of the inkjet-printed

layers. Therefore, there is no straight border of the ionomer

layer, due to slight misalignment of the printhead once a new

line starts. A separate stripe of material was printed on top of

the ionomer layer as a reference printing test, without being

aimed at serving for evaluation purposes. Stripes within the

ionomer layer are clearly visible in both Fig. 7b and d, which

hint at additional stress-related defects. Another effect clearly

visible in Fig. 7c and d is that the inkjet-printed ionomer layer

tends to cause some shift of the materials constituting the

slot-die coated catalyst layer placed underneath (i.e., delami-

nation). Although there were no initial defects in the slot-die

coated layer itself, Fig. 7d highlights defects in the region

where the ionomer overlaps it by the incoming light through

the layer. This might be due to the inherent porosity of the

catalyst layer, necessary to perform gas diffusion: the inkjet-

printed, wet ionomer ink may penetrate the pores of the

already dry catalyst layer (i.e., the slot-die coated one) and

partially dissolve into it.

Further investigation of the multilayer cross section by

SEM revealed regions where remarkable variation of the ion-

omer thickness occurred, spanning from about 8 mm to 20 mm

(Fig. 8).

On the other side, the inkjet-printed catalyst layer featured

a rather constant thickness, which hints at successful depo-

sition. As an additional consequence of the inhomogeneous

thickness of the ionomer layer, undesired direct contact be-

tween the first (i.e., the base) and the second (i.e., the inkjet-

printed) catalyst layer was locally detected in cross-sectional
Fig. 8 e SEM images of the cross section of a multilayer st
images (Fig. 8), as well as in those taken from the surface

(Fig. 7b and d). This effect will cause the CCM to have electrical

shorts andmake performance decay almost immediately. It is

worth stressing that adhesion of the catalyst layer on PTFE is

weak and therefore PTFE is used as decal substrate. Once

ionomer is deposited to form the membrane and during the

drying process, drop pinning and drying dynamics make the

ionomer layer exert enough force on the catalyst layer to

detach and delaminate it from the layer lying underneath.

Although therewere some strategies employed to hamper this

effect during ionomer printing, the effect could not be fully

obviated once the final layer of counter electrode was depos-

ited. So, it can be observed that this effect cannot be

completely avoided if decal transfer substrates with low

adhesion are used for deposition.

The proposed approach is overall feasible and yielded to full

CCM assemblies, yet the quantitatively significant variability of

ionomer thickness, the defects occurred in both the inkjet-

printed layers e generally identified as delamination e and

the local penetration of ionomer into the dry catalyst layer

prompted to devise some improvements. Mechanical strength

of the ionomer layer could be increased by applying a rein-

forcement film on top of the inkjet-printed ionomer layer, thus

also limiting penetration into the dry layer and avoiding direct

contact between the two catalyst layers. An additional strategy

to improve the homogeneity of the ionomer layer consists of

reducing the concentration of the ionomer powder within the

ink (i.e., a solution) to increase its handling properties. As an

example of its implementation, Fig. 9 shows a series of ionomer

inks with varying solid content (2.5e20 wt%) deposited onto a

slot-die coated catalytic layer. This approach to generate the

membrane has been also been described by Breitwieser et al.

[40]. In his investigations this inkjet printedmembranewas in a

fuel cell more powerful than a reference membrane.

Improvement in layer homogeneity was detected by

reducing the solid content down even to 10wt%. As an obvious

consequence, reduction of the solid content implies an in-

crease in the number of printing cycles (i.e., multi-pass oper-

ation) to deposit the same amount of ionomer. Along this line,

an even further reduction of the solid content to 2.5e5wt% led

to fully eliminate nozzle clogging and therefore to reduce the

required cleaning cycles. However, the number of printing

times had to be increased proportionally to the decrease of the

solid content, which made select the 15e25 wt% range

(Subsection 2.2) as the optimized condition combining layer

quality and production time.
ructure generated by the “CCM on carrier” approach.
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Fig. 11 e ePTFE support with seal and inkjet-printed

ionomer.

Fig. 9 e Ionomer layer under different ionomer concentrations within the deposited ink: a) 20 wt%; b) 10 wt%; c) 7.5 wt%; d)

2.5 wt%.
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In the approach “floating CCM”, inkjet-printing of the cat-

alytic layers was performed directly onto the reinforced

membrane (Subsection 2.3), with the seal layer being depos-

ited onto both sides of the membrane in a preliminary step,

which served as a reinforcement for the subsequent filling

with catalyst inks. The printed samples are shown in Fig. 10,

which includes both the individual catalytic layers and the full

CCM assembly.

As expected in an inkjet-printing procedure that only in-

volves the catalytic layers, the issues previously reported

about the “CCM on carrier” approach were barely apparent

through the present one, thus obtaining layers with rather

homogeneous thickness and almost flawless in terms of de-

fects. However, the drying process e occurred at ambient

temperature e of these layers caused some tension within the

membrane, resulting in generic waviness of the full assem-

blies. So, the membrane was fixed into a frame as an addi-

tional step of the whole approach (Fig. 2) to balance that

tensile stress.

The “ePTFE CCM” approach was finally pursued as an

almost full additivemanufacturing of the CCM, since it started

from an ePTFE supporte the thin polymeric ePTFE filme fixed

to a carrier frame, onto which inkjet-printing of ionomer and

catalytic layers was carried out (Subsection 2.3). The results

from the first step (i.e., inkjet-printing of the ionomer to

generate the membrane) is shown in Fig. 11.

Ionomer deposition was performed onto both sides of

the ePTFE substrate, implementing the strategies previ-

ously suggested to avoid inhomogeneous thickness and

undesired stress-related delamination through drying: an

optimized ionomer concentration was set in the deposited
Fig. 10 e Inkjet-printed catalyst layers onto the membrane by t

anode layer; center: seal frame and printed cathode layer; right:

in storage container).
ink and a frame was applied as a constraint. Moreover,

letting the membrane dry prior to catalyst-ink printing

allowed addressing ionomer penetration within the cata-

lytic layers. Therefore, the produced membrane was

structurally comparable to the commercial one used for the

“floating CCM” approach in terms of homogeneity and de-

fects; ultimately, the resulting assembly proved to be ho-

mogeneous in terms of thickness and material distribution

on the active surface. Therefore, this effort showed additive

manufacturing of a whole CCM by inkjet printing is feasible
he “floating CCM” approach; left: seal frame and printed

CCMwith printed anode and cathode catalyst layer (covered
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and effective, provided that carrier frames be employed to

balance tensile stress within the ionomer layer and drying

of the membrane be allowed prior to catalytic-ink

deposition.

Evaluation of the electrochemical performance

As reported in Subsection 2.4, the electrochemical perfor-

mance achieved by a CCM manufactured by inkjet printing

through the “ePTFE CCM” approach is presented in Fig. 12,

which shows polarization curve and power density of a PEMFC

with that in its core as functions of current density. As the

most innovative one, we deemed its resulting sampleswere to

be challenged against conventionally made ones in terms of

electrochemical performance. Full additive manufacturing of

the assembly embodies the actual novelty. A comparison is

also displayed against a PEMFC including a conventionally-

made CCM (provided by balticFuelCells [61,62]), which serves

as a reference to assess how inkjet printing is capable of

meeting PEMFC standard output. Both MEAs consist of 0.4

mgPt cm�2 for anode. The reference has 0.2 mgPt cm�2 for

cathode while the printed one has 0.1 mgPt cm
�2. The refer-

ence uses a Nafion 212membrane. The printedMEA has about

50 mm membrane built from Nafion D521. The measurement

conditions are 60 �C and 80%RH for both investigations. There

is only a deviation for the cathode testing conditions in the

reference cell which used 100%RH.

The performance of the fully inkjet-printed CCM compared

to the reference is very similar in power density for current

densities lower than 800mA cm�2 (a region of the polarization

curve where Ohmic losses are predominant [43]). Some slight

difference in terms of losses occurred as current density

increased beyond 800 mA cm�2 towards the very end of the

curve (the region of the polarization curve where mass-

transport losses are predominant [43]). Consequently, the

comparison between power-density trends appears to favor

the inkjet-printed CCM over the conventionally made one,

even though the two curves almost collapse onto each other
Fig. 12 e Electrochemical performance (polarization curve

and power density) of a CCM inkjet-printed by the “ePTFE

CCM” approach compared to a standard reference MEA by

balticFuelCells at the same operating conditions [61,62].
over a large range of current density. As shown in Fig. 12, the

peak of power density exhibited by the inkjet-printed CCM is

about 15% higher than that featured by the one used as a term

of comparison. This observation should be put into the

context of preferably avoiding fuel-cell operation in the region

where mass-transport losses are predominant (i.e., at the

higher current density). However, if the same operating con-

ditions apply, as in the case of the proposed comparison,

diffusion through the involved layers ultimately governs

mass-transport losses. As investigated by Larbi et al. [63],

porosity has a main impact on diffusion: the two tested cells

may have different average porosity, also exhibiting different

degree and density of defects, which also affects mass

transport.

Overall, it appears that instances of increased resistance

and mass-transport losses due to local defects (e.g., pinholes

[64]) do not imply the inkjet-printed CCM underperforms with

respect to conventional assemblies. This result supports the

feasibility of employing inkjet-printing for the manufacturing

of CCMs.
Conclusions

In the present research, an approach to additive

manufacturing of PEMFC layers by inkjet printing was devised

and developed. The focuswas set on the functional layers (i.e.,

catalytic layers and membrane layer) that constitute a CCM.

As an arguably unprecedented contribution, three ap-

proaches were developed and implemented for multilayer

manufacturing, with variable degree of involvement of inkjet

printing: a slot-die coated catalytic layer served as the foun-

dation layer for the first strategy, with ionomer layer and

second catalyst layer being sequentially deposited by inkjet

printing on top of the slot-diemade surface; another approach

that started froma commercialmembrane as the substrate for

catalyst layer deposition was then devised and realized;

finally, inkjet printing of all the three involved layers was

performed in the third methodology, with the membrane

reinforcement layer (i.e. an ePTFE film) serving as the initial

substrate.

Thickness homogeneity and presence of defects were

considered to quantitatively assess how successful multilayer

deposition was through each tested approach. The inkjet-

printed membrane layer proved the most challenging: its

thickness was nominally of 8 mm, yet a variability in the order

of 1 mm tended to occur. Inserting the reinforcement layer in

the membrane appears instrumental in achieving a configu-

ration where no direct contact between catalytic layers oc-

curs; an optimized concentration of the ionomer in the ink to

be deposited is also recommended to both control the related

dry-layer thickness and avoid an excessive use of multi-pass

mode. Even more importantly, the drying process of the ion-

omer layer should be carried out prior to catalyst-ink deposi-

tion to prevent the former from partially dissolving into the

catalytic layer. If not carried out properly, either part of the

catalyst layer would sink in the membrane or the counter

electrodeswould come into contact with each other andmake

electric shorts arise. A carrier frame constraining the mem-

brane may also be employed during the printing process to
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avoid waviness and to add mechanical stability of the mem-

brane during deposition. On the other hand, a uniform

catalyst-layer thickness was achieved more easily, being

nominally equal to 4 mm,with variations in the order of 0.1 mm.

However, a combined action on pulse frequency and Sabre

angle had to be implemented on the printing procedure to

achieve variability lower than 0.01 mgPt cm
�2 with respect to

the nominal target values of Pt-loading (0.08 and 0.2e0.4 mgPt
cm�2 for anode and cathode layer, respectively) over the

whole active surface.

Overall, all the three manufacturing routes proved rather

effective. Selecting for testing in fuel cell the last e and most

inkjet-printing intensive and therefore most innovative one e

one ultimately competing closely and slightly outperforming

against the conventionally manufactured CCM in terms of

voltage losses and power density for current densities higher

than 800 mA cm�2: peak power density was about 15% higher

whichmight be accounted to a different average porosity. It is

worth remarking that at current density lower than

800 mA cm�2 both CCMs exhibit nearly the same perfor-

mance, with negligible difference in the polarization curve.

The comparison highlighted consistency between the two

assemblies, with the performance of the inkjet-printed CCM

not being penalized by higher resistance or higher mass-

transport losses locally occurring as a result of defects. A

deeper understanding of electrochemical performance and

durability performances has to be covered as subject of

further studies.

This work shows that CCM additive manufacturing by

inkjet printing can be at the forefront in the transition of fuel-

cell industry from small-volume to mass production, even

considering the consistent quality that the tested printing

technique can provide at large scale.
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