Electrochimica Acta 508 (2024) 145273

Contents lists available at ScienceDirect

Electrochimica Acta

journal homepage: www.journals.elsevier.com/electrochimica-acta

ELSEVIER

Effect of high-boiling point solvents on inkjet printing of catalyst layers for
proton exchange membrane fuel cells

a,b

Qingying Zhao ™", Tobias Morawietz °, Pawel Gazdzicki®, K. Andreas Friedrich **"""

@ German Aerospace Center (DLR), Institute of Engineering Thermodynamics, Pfaffenwaldring 38-40, 70569, Stuttgart, Germany
® University of Stuttgart, Institute of Building Energetics, Thermal Engineering and Energy Storage (IGTE), Pfaffenwaldring 31, 70569, Stuttgart, Germany

ARTICLE INFO ABSTRACT

Keywords:

High boiling point solvents

Ink formulation

Inkjet-printed catalyst layers
Solvent effect

Proton exchange membrane fuel cell

Inkjet printing (IJP) is considered as a promising and flexible method for low cost and drop-on-demand pattern
formation in proton exchange membrane (PEM) fuel cells. Although significant advancements have been made in
inkjet-printed electrodes, identifying the optimal ink formulations remains challenging due to severe restrictions
on the ink properties. Generally, the catalyst layer prepared by IJP using low boiling point solvents (water/
alcohol) show reasonable electrochemical performance. However, low boiling point solvents lead to clogging of
the printhead nozzle due to fast evaporation of the solvent in the inkjet print head. In this study, high boiling
point solvents (propylene glycol (PG) or ethylene glycol (EG)) were used as additives to reduce nozzle clogging
and improve printing efficiency. In this context, the relationship between catalyst ink properties, CL micro-
structure, and electrochemical performance of the MEA is investigated. Results show that printing time is
significantly reduced with adding high boiling point solvents in the ink (66.67% reduction of time with 30 wt%
PG). However, an increased amount of additive is detrimental in terms of electrochemical performance due to
formation of larger agglomerates, lower porosity of the catalyst layer, and reduced ECSA. The results of this work
can be used to develop a strategy to adjust the trade-off between printing time and electrochemical performance

of electrodes prepared using 1JP.

1. Introduction

PEM fuel cells are a promising technology for emission free energy
conversion based on clean hydrogen as fuel. They have broad applica-
tion prospects in stationary area and electrification of transportation
[1], particularly in long-distance heavy-duty applications. Currently,
there have been significant advancements in the performance of mem-
brane electrode assembly (MEA) components. Studies showed that MEA
are commonly fabricated by slot-die [2], ultrasonic spray [3], air-spray
[4] and screen printing [5], and the coating technique can have great
impact on the resulting catalyst layer [6]. Inkjet printing (IJP) has been
applied as a novel fabrication method for printing electrode in PEM fuel
cells as well [7,8]. It offers various advantages such as the facile process,
versatile pattern, and precise deposition of minute amounts of materials.
However, this promising method is not yet established as mass
manufacturing technique in the PEM fuel cell area due to the relatively
low fabrication efficiency compared with current technique like
roll-to-roll coating. Furthermore, inkjet printing technology can lead to
a cost advantage compared with traditional preparation methods in
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reducing waste of Pt catalyst, which comprises 41% of the whole stack
cost based on 500,000 fuel cell systems produced per year [9]. The inkjet
printing technology allows for precise control of material usage by
depositing catalyst inks only where it is needed.

Up to now, great efforts have been made to study the influence of
solvent types on the performance of MEA and high volatility solvents
especially alcohol and water [10] are the most common choices. For
example, Ren et al. [11] suggested water/IPA mixture solvents with 50
wt% alcohol content during the spray process, ensuring satisfactory fuel
cell performance due to its proper ionomer and pore size distribution.
Gong et al., [12] applied the solvent composition (n-PA/H20 mixtures)
and a catalyst ink containing 90 wt% H3O is preferred during the ul-
trasonic spraying, leading optimal MEA performance. However, the se-
lection of dispersants used in the typical ink should be tailored to the
type of fabrication process [13]. Inkjet printing requires inks with low
volatility/high viscosity to enable efficient jetting through the
micrometer-sized nozzles [14]. High volatility/low viscosity results in a
smaller volume of a single droplet, leading to the necessity of printing
more layers to achieve a certain platinum loading. In addition, the
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combination of alcohol/water is highly volatile, and the nozzle can be
easily clogged after jetting drops. It is apparent that ink properties are
the most crucial aspect of inkjet printing of catalyst layers. Shukla et al.,
[15] employed a mixture of PG and IPA for inkjet printing technique,
where PG proportion exceeds 30 wt%. Unfortunately, high concentra-
tion of a high-boiling-point solvent causes cracks on the CL printed over
membrane, which should be avoided due to the adverse effect on per-
formance [16] and durability [17].

Our work aims at characterizing electrodes prepared by inkjet
printing with a Pt loading of around 0.1 mg cm™ at the anode and the
cathode, respectively. This work aims to investigate the effect of addi-
tive concentration on MEA structure and performance to allow optimi-
zation of inkjet-printed electrodes. Specifically, the effects of the solvent
composition on the dispersion of catalyst and ionomer particles, and the
microstructure of catalyst layers were investigated in detail. Distribution
of diluted ink was analyzed by transmission electron microscopy (TEM)
and dynamic light scattering (DLS). Analyses of printed ink drops were
performed using atomic force microscopy (AFM). The transport of liquid
water within the catalyst layer is influenced by the microstructure of the
CL and the degree of hydrophobicity [18]. Thus, the analysis of the
microstructure of the CL was carried out at cross-sections by focused ion
beam scanning electron microscopy (FIB-SEM) and scanning electron
microscope (SEM). Hydrophobicity was studied by average static con-
tact angle. Finally, the MEA performance and electrochemical properties
were investigated using IV-characteristics, cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS).

2. Experimental method
2.1. Ink preparation and MEA fabrication

The catalyst inks were prepared by mixing commercial 40 wt% Pt/C
catalyst (Hispec 4000, Alfa chemistry), Nafion ionomer solution
(Nafion® 117 solution), and mixture solvents. As shown in Fig. 1, the
IPA/H,0 was added to the Pt/C catalyst firstly, followed by propylene
glycol (PG) or ethylene glycol (EG) additives in varying mass percentage
concentration and Nafion solution with a weight ratio of ionomer to
carbon (I/C) of 0.8 to prepare the ink required for printing. Ink without
PG or EG was also prepared for comparison as standard ink. A set of five
catalyst inks were formulated with 5 wt% PG, 10 wt% PG, 30 wt% PG, 5
wt% EG, and 0 wt% additive (PG or EG) as shown in Table S1 for details.
Then, inks were dispersed by sonication for 30 min in ice water to be
homogenous. All inks were inkjet printed by Dimatix Materials Printer
DMP-2850 (Fujifilm) with 10 picolitre cartridge. The printhead consists
of 16 nozzles linearly spaced at the distance of 254 ym and each nozzle
opening has a diameter of 20 um. Nafion HP membranes and aluminum
foil were placed side by side on the printing table and a CL was printed
on both substrates, ensuring the same loading and the same active area
of 3.6 cm? (4.5 cm x 0.8 ¢cm) for both layers. The CL printed on the
aluminum foil were used to determine the Pt loading by gravimetric
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method. The coated membranes were dried in a vacuum oven at 60 °C
for 3 h. Differently, the aluminum foils coated with CL were dried at 150
°C for 3 h in a vacuum oven after the inkjet printing progress. The Pt
loading of the CL was determined by weighing the aluminum foils before
and after the inkjet printing progress to calculate an average mass of CL.
For both catalyst layers at anode and cathode, the Pt loading was
controlled to be (0.10 + 0.03) mg cm 2. The uncertainty of the Pt loading
corresponds to reproducibility of the printed CL (5 samples). The pre-
pared catalyst-coated membranes (CCMs) were sandwiched between gas
diffusion layers (GDLs, SGL 25BC, SIGRACET®, SGL Group) with an
active area of 3.6 cm? without hot pressing.

3. Physical characterizations

3.1. Characterization of the particle distribution in the diluted ink and
morphology of printed drops and CLs

The particle distribution was measured by Zetasizer Ultra (Malvern
Panalytical Ltd) to evaluate the ink dispersion. The distributions were
evaluated by using diluted ink, which was prepared by adding 10 uL ink
to 5 mL corresponding mixture solvents described in ink preparation.
Above diluted ink was also characterized by S/TEM at core facility SRF
AMICA (Stuttgart Research Focus Advanced Materials Innovation and
Characterization) at the University of Stuttgart. TEM imaging was per-
formed on Spectra 300 microscope (ThermoFisher, USA) at the electron
accelerating voltage of 300 kV for the morphology and structure of the
catalyst-ionomer agglomerates. Examination of the surface morphol-
ogies of CLs was performed by SEM (Zeiss Crossbeam 350), which was
operated at an accelerating voltage of 2 kV with an Everhart-Thornley
secondary electron (SE) detector for imaging. The fresh CLs were cut
by FIB-SEM (Zeiss Crossbeam 350) at 30 kV and 700 pA after preparing
the trenches with higher currents. The imaging at the sectioned interface
was performed at an acceleration voltage of 5 kV for the structural
analysis. Additionally, surface morphologies of the inkjet-printed drops
and catalyst layers were measured by AFM using an Icon XR (Bruker,
Karlsruhe, Germany) with Nanoscope 6 controller. NanoScope Analysis
3.0 was employed to analyze samples characterized by AFM.

3.2. Contact angle measurement

Contact angle measurements were carried out using a homemade
optical camera setup. A water drop of about 15 pL was deposited on the
target CL surface. Pictures were then taken to capture the contact be-
tween the water droplet and the CL. The images were subsequently
analyzed using ImageJ and its contact angle analysis plugin. An average
value was calculated based on three measurements of each sample on
different positions.
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Fig. 1. Schematic diagram of the ink formulation and catalyst layer preparation.
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3.3. Electrode porosity
The total CL porosity (ey) can be assessed by ink compositions,

thickness of catalyst layer and Pt loading, and determined by following
equations [19,20]:
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Here, ¢s and ey presents for solid volume fraction and electrolyte
volume fraction, respectively. mp; (g cm™) is the catalyst loading, L (um)
is the average thickness of catalyst layer collected from cross-sectional
CLs by FIB-SEM, p,,, p. and py are densities of Pt, carbon and Nafion,
which are 21.5 g em™, 2 g cm™® and 1.9 g em™, respectively. Yp; means
the mass fraction of Pt on carbon support and Y, is the Nafion loading on
the cathode side.

3.4. Rheological measurements protocol

Rheological measurements were performed using a rheometer
(MCR101, Anton Paar) with a stainless cone plate (50 mm diameter) at
25 °C. A pre-shear at 1 s to 1,000 s was applied before the formal
measurements based on the published papers [21,22]. Considering the
inkjet printing process imposes shear rates of the order of magnitude of
10°-10°%s [23] and viscosity is stable when the shear rate is 100 s'l, the
steady-shear rheology measurements were finally conducted by
increasing the shear rate from 1 s to 1,000 s and the area of 100 s to
1,000 s! was chosen for the analysis.

3.5. Electrochemical characterization

The MEA was assembled using a homemade fuel cell hardware (5 x 5
cm?) with 3-channel serpentine flow field and tested on homemade test
bench [24]. However, the active area was limited to the air outlet region
of the flow field by using a PTFE glass fabric film as a mask and the
resulting actual flow field exhibited parallel channels and an active area
of 3.6 cm? (4.5 x 0.8 cm?) as shown in Fig. S1 in the supporting infor-
mation. The break-in procedures were conducted according to the EU
harmonized test protocols [25]. After break-in, polarization curves were
recorded with an operating temperature of 80 °C under 1.5 bar (absolute
pressure). Hydrogen and air, humidified to 50% or 80% relative hu-
midity, were supplied to the anode and cathode side at fixed flow rates of
0.2 and 0.4 L min’}, respectively. Under the same operating conditions,
using a Zahner Zennium with PP241 potentiostat electrochemical
impedance spectroscopy (EIS) measurements were conducted at 0.5 A
em? in a frequency range from 0.1 to 100,000 Hz with an AC pertur-
bation amplitude of 5%. Cyclic voltammetry was recorded with a scan
rate of 50 mV s under ambient pressure at a cell temperature of 80 °C.
Fully humidified H, and N were both purged with 0.1 L min™! at the
anode and cathode, respectively. N, purging was carried out at the
cathode side until the voltage dropped close to 0.1 V before CV mea-
surement. Finally, ECSA values were determined using the electro-
chemical hydron desorption peaks by employing cyclic voltammetry
between 0.1-1.2 V vs. RHE. The last cycle of six subsequent CV cycles
was used. The proton transport resistance (Ry;) of CL was measured
with a cell temperature of 80 °C and back pressure of 1.5 bar through
in-situ EIS. Hy and Ny were supplied at the anode and cathode at the flow
rate of 0.1/0.1 L min with the humidity of 30%, 50% and 80%,
respectively. Nyquist plots were recorded by Zahner Zennium with
PP241 load at 0.4 V, with 10 mV AC amplitude from 100 kHz to 0.1 Hz.
The proton transport resistance is determined by analyzing the recorded
impedance spectra [26] and calculated by the method derived from
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Modestov et al. [27]. The length of the Warburg-like region projected
onto the real impedance axis is equal to Ry /3. The H; crossover current
density was measured by chronoamperometry at 0.4 V under a gas flow
of Hy/N3 (0.1/0.1 L min") and an RH of 100% at 80 °C. The average
current density corresponds to the Hj crossover current density.

4. Discussion and results

Inkjet-printed CLs in this study were fabricated using different inks,
following the procedure depicted in Fig. 1. At the beginning of this
section, the physical and electrochemical properties for CLs fabricated
by different contents of PG are shown and analyzed in detail. The same
type of investigation was carried out for CL made by ink with 5 wt% EG
(CL-05E) and corresponding data are compared with results of CL made
by ink with 5 wt% PG (CL-05P) in the second part.

Fig. 2 shows the number of printing layers and time to print CLs
including nozzle cleaning for different ink using fixed I/C ratio. It should
be noted that the time to print CLs including nozzle cleaning represents
the entire process to produce a CCM after having the ink solution ready
to use. Each nozzle cleaning takes 5-10 min depending on the clog
severity, the print head to be disassembled and ultrasonication in
ethanol. Cleanliness of the printhead was assessed by visual inspection.
Without using high boiling point solvents, the nozzle requires to be
cleaned every 3—4 printing layer of 3.6 cm?, while cleaning is required
only every 6-10 layer for inks with PG or EG additive, depending on
additive concentration. Consequently, due to the addition of PG, the
required time to fabricate an CL can be reduced up to 66.67% especially
when the PG content increases to 30 wt%. At 5 wt% PG, the required
time was reduced by 26.67%. However, there is substantial impact of the
additives on physical properties of the CL and fuel cell performance
which will be discussed in the following.

DLS study reveals the particle size distributions of the catalyst-
ionomer and ionomers, which are presented in Fig. 3a and b. Fig. 3a
shows similar size distributions for all samples, revealing similar hy-
drodynamic diameter of catalyst-ionomer in diluted ink. However, the
morphology of the ionomers can be greatly affected by the solvent
components in Fig. 3b. The size distribution shifts to right at the range of
100-1,000 nm, implying the average particle size of the ionomers pre-
pared by ink with lower PG contents is smaller than that by ink con-
taining higher PG contents. Thus, ionomers are less clustered in the ink
at low PG content and thin ionomer layer can be formed on the catalyst
interface with more homogeneous distribution. TEM was used to visu-
alize the morphology and structure of the catalyst-ionomer agglomer-
ates in the diluted ink [28] with different PG contents as shown in
Figs. 3c—e and S2 in the supporting information. Figs. 3c and S2a—c (see

0.5

0.0 1 1 L 1 1 L
15 20 25 30 35 40 45

Numbers of printing layers

<= 3.0

en

£

=]

g 251 N
© CL-05E CL-standard
N 7
N 20F ,
o) x *
= /

< 15F

% CL-05P

R

2 10F *

8 * CL-10P

g CL-30P

g i

<]

[}

£

[_1

Fig. 2. The relationship of time to print CLs including nozzle cleaning and
numbers of printing layers with Pt loading of ~ 0.1 mg cm for different inks.
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Fig. 3. DLS analysis of (a) diluted catalyst-ionomer solution and (b) diluted ionomer solution (without catalyst) with different PG contents. TEM images of (c-e)
diluted ink containing different PG contents.
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supporting information) showed lengthy agglomerates, implying
weakened agglomeration behavior. A different morphology of agglom-
erates is observed at 10 wt% PG which is more compact and ellipsoidal
(Figs. 3d and S2d-f in supporting information). This behavior is even
stronger at 30 wt% PG (Figs. 3e and S2g-i in supporting information).
Hence, the increase in the PG content seems to promote the largely
aggregated free ionomers in Fig. 3b, a thick but narrowly confined
ionomer layer adsorbed on the catalyst surface [29] and largely aggre-
gated Pt/C-ionomer agglomerates [30] in Fig. 3e.

Drop formations on membrane after injection for ink containing
different PG contents are shown in Figs. 4a—c and S3 (supporting in-
formation). It is mentioned that the viscosity of PG (39.44 cp) is much
higher than that of water (0.89 cp) or isopropanol (2.07 cp), see
Table S2. Therefore, the increasing concentration of PG additive results
in an increase in the ink’s viscosity (see Fig. S4, supporting information).
In addition, the PG additive also influences the size and shape of the
printed drops. As the PG content increases, the length of the flying
droplet and velocity of the droplet decreases in Fig. S3e and f, (sup-
porting information) leading to the Feret’s Diameter [31] (calculated by
open source software-ImagelJ) of the irregular drop decreases from (62
+6) pm to (57+6) pm and (47+8) pm based on Fig. S3b-d (supporting
information). AFM analysis also reveals that PG content impacts the
morphology of dried droplets. When the PG content is relatively low, the
dried droplets are heterogeneous and exhibit coffee-ring effect, where
particles mainly concentrated at the edge and a small number of
catalyst-ionomer particles situated at the center. As the PG content in-
creases, agglomerates tend to concentrate inward, leading to a decrease
in drop size and more homogeneous particle distribution. It should be
noted that quantification of ionomer distribution is not possible based
on these images because ionomers in CL and Nafion substrate cannot be
clearly distinguished due to same chemical composition. Fig. 4d shows a
scheme of drop formation after printing considering evaporating con-
ditions caused by inks with different PG contents. IPA and water have a
lower boiling point than PG and the evaporation of the solvent is rela-
tively fast. The evaporation is fastest at the edge due to the dependence
of evaporation rate on surface curvature, leading to particles at the edge
are separated out of solvent with large size and deposit firstly on the
membrane along with the solvent evaporation, forming a classic coffee
ring pattern [32] and larger holes at the center. However, the high
boiling point (188.20 °C) of PG slows ink evaporation and the contact
line [32] moves slowly with the shrink of the droplet and inside particles
immigrate at the same time, forming a compact multilayer structure
with smaller size.

The surfaces of the catalyst layers were examined, and the corre-
sponding SEM images are given in Fig. 5. As can be seen in Fig. 5a, the
surface is smooth and no obvious cracks can be observed with the PG
content of 5 wt%. The CLs made from ink with PG contents of 10 wt%
show cracks with I-shape and Y-shape on surface. When the PG content
is 30 wt%, increased density of cracks can be seen in Fig. 5c. There is no
consensus in the current literature about the mechanism of the crack
formation depending on the solvent types [33-36]. In this study, the
cracks over the catalyst surface may be caused by different drying stress

93.0+1.2°
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due to the dense catalyst-ionomer aggregates in ink containing high PG
content as shown in Fig. 3e [36]. Additionally, the hydrophobicity of the
cathode catalyst layer was also analyzed according to the average static
contact angle, and the results are present in the Fig. 5a—c. Contact angle
values of all samples exceed 90 ° implying that these surfaces are all
hydrophobic. Furthermore, the contact angle decreases significantly as
the amount of PG in the ink decreases, i.e. higher PG content in catalyst
ink enhances the hydrophobicity of the cathode catalyst layer. Inter-
estingly, the CL at 30% PG is exceptionally hydrophobic. Unfortunately,
the straightforward explanation for the difference in hydrophobic of
PG-based CL is missing according to our knowledge. Possible reason is
that microstructures of CL surfaces vary due to drop size and line spa-
cing/dimensions. As shown in Fig. S5, the morphology of printed lines is
quite different as PG content varies. The lines are more separated and
line width decreased from (417 + 43) pm to (267 + 37) pm and (206 +
33) pm as the PG content increases due to the decreased size of dried
drops in Fig. 4a—c. Therefore, CL surfaces with different roughness may
be formed after printing dozens of layers, which in turn affects its hy-
drophobicity according to the Cassie-Baxter model [37].

Detailed information on the distribution of ionomer and Pt/C within
the CL is obtained using AFM as shown in Fig. 6. Specifically, Fig. 6d-f
illustrate the ionomer coverage within the CL at various PG contents,
corresponding analysis are seen in Fig. 6g-i and calculated values are
summarized in Table 1. The areas that appear dark indicate no electronic
conductivity and are assumed to be ionomer, while the bright regions
indicating high electronic conductivity suggesting the presence of Pt/C
catalysts. An increase in PG content from 5 wt% to 30 wt% results in a
gradual decline in ionomer coverage of the catalyst from 71% to 56%,
implying lower capacity of transporting proton (thicker ionomer layer)
as PG content increases. This may be attributed to the fact that ink with
low PG content is beneficial for the formation of free ionomer with
reduced agglomeration, as depicted in Fig. 3b. Thus, a more uniform and
continuous distribution of ionomers can develop within the catalyst
layer (CL) [11], promoting increased ionomer coverage and proton
transfer path. In conclusion, uniformity and continuity of ionomer dis-
tribution are best with the PG content of 5 wt%.

The effects of solvents on the CL microstructure are further revealed
by characterizing the cross-sectional structure of CLs by SEM in Fig. 7.
Based on the data, the thicknesses of catalyst layers of CL-05P, CL-10P
and CL-30P correspond to (2.92+0.18) pum, (2.63+0.14) pm and (2.23
+0.12) pm, respectively, corresponding to porosities of 52.10%, 46.81%
and 37.27%. The whole catalyst layer was made up of stacked dried
drops composed of catalyst-ionomer particles. The microstructure of the
CL is dense when the catalyst-ionomer particles (see Fig. 3e) and dried
drops (see Fig. 4c) are compact [11]. It can be concluded that the CLs
printed using ink with 5 wt% PG exhibits highest porosity and thickness,
which can be linked to the less agglomerated catalyst-ionomer particles
in Fig. 3c and the large size of the dried drop with holes at center in
Fig. 4a.

The influence of PG content on the PEMFC performance is shown in
Fig. 8. Fig. 8a and b shows polarization curves recorded at the relative
humidity of 80% and 50%. Apparently, the OCV of CL-05P is higher than

Fig. 5. SEM images of the surface of catalyst layers printed by inks with different PG contents of (a) 5 wt%, (b) 10 wt% and (c) 30 wt%. The insets show contact angle

measurements of these surfaces.
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Fig. 6. AFM analysis of CLs prepared by inks with different PG contents (a,d,g) 5 wt%, (b,e,h) 10 wt% and (c,f,i) 30 wt%. (a-c) Morphology images of cross-sectional
CLs. (d-f) Corresponding height electrical conductivity measurements (TUNA current) and (g-i) analysis for ionomer coverage by Nanoscope analysis. The ionomer is
marked in black, whereas Pt/C is marked in blue.

CL-10P and CL-30P, which is related to the decrease of hydrogen

Tablfa 1 . o crossover at low PG content (see Fig. S9a in the supporting information).
i:g:;i parameters of drop and fabricated cathode layers with different PG Lowest PG content of 5 wt% in ink leads to highest performance with the
peak power density of 0.486 W cm™? and performances decrease with

Sample  Drop Catalyst layer properties increasing PG content in the entire current density range. A drop of peak
g:::;nes Thickness/  Porosity  Contact lonomer power density by 30.66% is observed when the PG content is 30 wt%.

diameter of pm /% angle / ° coverage These general trends are also observed when the relative humidity is

the droplet / /% decreased to 50%. To analyze the performance losses in more detail, EIS

Hm spectra were measured for three electrodes at 0.5 A cm? with different

CL-OSP 6246 2.92+0.18  52.10 93.0 + 71 humidities as shown in Fig. 8c and d as well as in Fig. S6 (supporting
1.2 information) and Table 2. The intercept on the real axis at the high-

CL-10P 5746 26340.14  46.81 104.6 + 64 frequency region is related to the total ohmic resistance (Rg). The
CL-30P 4748 2234012  37.27 (1)'271_1 4 56 diameter of the first and second semicircle illustrates the charge transfer

0.8 resistance (R.y) and mass transport resistance (Ry¢), which appears at
high current densities and dominates as current increases. The ohmic
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Fig. 7. Cross-sectional FIB-SEM images of the catalyst layers prepared with ink containing PG of (a) 5 wt%, (b) 10 wt% and (c) 30 wt%.
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Fig. 8. Effect of PG content on electrochemical properties. Hy/Air polarization and power density curves for the three designed CLs at humidity of (a) 80% and (b)
50%, and resistances determined from EIS data (Fig. S6 in the supporting information) recorded at operating temperature of 80 °C, back pressure of 1.5/1.5 bar
(absolute pressure) and flow rate of 0.2/0.4 L min™ at anode and cathode side at humidity of (c) 80% and (d) 50%.

Table 2
Summary of electrochemical results for all inkjet-printed catalyst layers.

Maximum power density /W Current density at 0.6 V /A Voltage at 0.6 A cm™ HFR* /Q Rt /Q Rmd* /Q RH ECSA* /m? gp,
em™ cm? Y cm? cm? cm? /% !
CL- 0.486 0.732 0.643 0.065 0.120 0.143 80 33.26
05P
CL- 0.410 0.622 0.609 0.065 0.141 0.205 80 29.71
10pP
CL- 0.337 0.472 0.545 0.068 0.174 0.235 80 15.74
30P
CL- 0.447 0.573 0.591 0.090 0.145 0.162 50 -
05P
CL- 0.342 0.484 0.546 0.089 0.211 0.236 50 -
10pP
CL- 0.280 0.344 0.466 0.087 0.335 0.253 50 -
30P

" All resistances are measured at 0.5 A cm™ and ECSA values are collected at 100% RH. In addition, the error due to fitting via Zahner Software is less than 10% for all

reported resistance values.

resistance of CLs prepared with different inks are basically the same at
RH of 80% and 50% because of the same membrane, catalyst and GDL.
The values of Re varied from 0.120 to 0.141 and 0.174 Q cm? with the
alteration of PG contents and the respective values of Ry, for CL-05P, CL-
10P and CL-30P are 0.143, 0.205 and 0.235 Q cm? at RH of 80%. As
expected, when the humidity is reduced to 50%, Rg increases for each
sample due to the dehydration of the membrane and ionomer related to
the increase of proton transfer resistance. The tendency of the resistance
depending on PG contents in the ink was same even though the humidity

is lowered: R¢t (CL-05P) <R (CL-10P) <Rt (CL-30P) and Ry, (CL-05P)<
Rmt (CL-10P)<Ryy¢ (CL-30P). Generally, the CL printed using ink with
lowest PG content (CL-05P) exhibits the lowest charge transfer resis-
tance possibly attributed to the larger contact area at triple-phase
boundary caused by weakened agglomeration behavior (see Fig. 3c),
which is beneficial to ORR reactions and leads to less voltage loss at low
current density [29]. The lowest mass transport resistance of CL-05P is
mainly attributed to more porous structure (Fig. 7c) caused by larger
dried drops compared with other microstructures. Although CL-30P is
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more hydrophobic according to Fig. 5c, voltage loss at high current
density has not been mitigated compared with the effect of porosity.

The ECSA of the cathode electrodes as a function of PG concentration
is displayed in Fig. 9a, with the corresponding cyclic voltammetry
measurements shown in Fig. S7d (supporting information). Apparently,
ECSA decreases non-linearly with increasing PG content, showing a
slight reduction of 10.67% for CL printed with 10 wt% PG but a sig-
nificant drop of 52.68% when the ink contains 30 wt% PG compared
with CL-05P A reason could be the more compact shape of Pt/C-ionomer
particles with high PG content (see Fig. 3c—e) which leads to less exposed
reaction area on Pt surface. The proton transport resistances (Ry;)
determined using EIS in Hy/Nj atmospheres under different relative
humidities are depicted in Fig. 9b (see also in Fig. S7a—c, supporting
information). As expected, Ry, values decrease with increasing humidity
due to higher hydration of the ionomer. Specifically, the Ry, of CL-30P
consistently exceeds that of both the CL-05P and CL-10P at different
humidities and the gap in Ry, values among these CLs tends to diminish
progressively as the humidity increases. This occurs because free water
itself can form a network that helps proton conduction at highly hu-
midified conditions [38]. The decreased Ry of CL-05P as compared to
other CLs allows for the high proton conductivity, which is ascribed to
the higher ionomer coverage, and uniform and continuous ionomer
distribution in the CL obtained by AFM in Fig. 6d-f. Above decreased
Rpof CL-05P plays a dominant role in reduction of voltage losses in
ohmic region of the IV curve in Fig. 8a and b because the ohmic re-
sistances (Rg) are almost same at the same humidity [39].

In addition, another high-boiling point solvent (EG) was investigated
and compared with results obtained using PG. The electrochemical
characterization is presented in Fig. 10a and b. It is clear that PG content
should be kept low to avoid compromising MEA performance. Thus, ink
containing only 5 wt% of EG was used to prepare a cathode catalyst
layer labelled as CL-O5E. Similarly, the hydrogen crossover of CL-O5P is
lower than that of CL-05E (Fig. S9a), leading to a higher OCV of CL-05P
compared to CL-O5E. The MEA with CL-05E yields a maximum power
density of 0.424 W cm™ at 80% RH and 0.378 W cm2 at 50% RH, lower
than CL-05P with value of 0.486 W cm™ (80% RH) and 0.447 W cm™
(50% RH), respectively. The reduced electrochemical performance of
MEA containing EG compared to PG is ascribed mainly to substantial
increases of mass transport resistance in Fig. 10c and d and Table S4. We
speculate that the reason might be the different porosity in the CL. Cyclic
voltammograms of CL-O5E are provided in Fig. S9b (supporting infor-
mation) showing a decrease of ECSA by 27% compared to the CL-05P
(also see in Table S4). It can be concluded that ink containing PG is
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more conducive to the preparation of catalyst layer with higher elec-
trochemical performance compared with EG. The provided results show
how the concentration and type of high boiling point solvents influence
CL performance. However, the durability of the CL is also necessary to be
discussed especially in context of demanding heavy-duty applications
[40]. According to literature, the type of solvent indeed affects the sta-
bility of the prepared CLs [10]. The voltage loss of CLs at 1 A cm™ made
by aqueous solvent like 2-propanol/water and 1-propanol/water is ~80
mV after 30k voltage cycling tests, while for CLs prepared by
non-aqueous slovent like 1,2-butanediol and ethylene glycol a lower
voltage loss of 35 mV is reported. Jong-Hyeok Park et al. [41] found that
CLs with smaller aggregates of the ionomer, thinner ionomer layer
surrounding electrocatalyst and the crack-free surface were formed
based on EG-based solvent, enhancing the stability of the CLs after 30k
voltage cycles compared with CLs prepared by water-based solvent. In
our study, ionomer network and cracks on CL surface depend on the PG
content in the ink. However, articles discussing the stability of the
catalyst layer prepared with PG-based solvent could not be identified.
Thus, in future studies the focus should be extended to investigating the
impact of solvent and the resulting catalyst layer structures on PEMFC
durability which is main concern in context of heavy-duty applications.

5. Conclusions

In this study, the effects of high boiling point solvents on the printing
process and on the performance of PEM fuel cells with low Pt loading
(0.1 mg cm™) were investigated. It is found that adding high boiling
point solvents (EG or PG) as additives can greatly reduce time to print
CLs compared with standard ink (only IPA/water as solvent) due to
faster ink deposition and less frequent cleaning of blocked printing
nozzle. AFM and microscopy images indicate that the difference in
solvent evaporating conditions during drying process caused by inks
with different PG content has great impact on CL microstructure and
properties such as catalyst-ionomer cluster, leading to different proton
transport resistance, mass transport resistance and ECSA. Moreover, PG
content affects the hydrophobicity of the CL. Generally, high PG content
is detrimental regarding MEA performance. For the CL prepared by ink
with 30 wt% PG, a reduction of ECSA by 52.68% was observed along
with a substantial reduction of CL porosity by 28% and increase of
proton transport resistance leading to an overall drop of PEMFC peak
performance by 31% at humidity of 80%. The type of high-boiling point
solvent is also relevant as demonstrated by comparing the electro-
chemical performance of PG and EG, with the latter causing greater

80% RH

30%RH 50% RH

Fig. 9. (a) ECSA values for three designed CLs calculated from cyclic voltammetry curves according to Fig. S7d (supporting information); (b) Proton transport
resistances of different catalyst layers determined from EIS spectra recorded at different humidities, 80 °C, 1.5/1.5 bar, and flow rate of 0.1/0.1 L min™ Hy/N, based

on Fig. S7 and Table S3 (supporting information).
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Fig. 10. Hy/Air polarization and power density curves for CL prepared with PG and EG at different humidity of (a) 80% and (b) 50%, and variations of the resistances
with different additives, recorded at humidity of (c) 80 wt% according to Fig. S8a (supporting information) and (d) 50 wt% according to Fig. S8b (supporting in-
formation), operating temperature of 80 °C, back pressure of 1.5/1.5 bar (absolute pressure) and flow rate of 0.2/0.4 L min™ at anode and cathode.

performance loss. These findings link the microstructure of the CL to the
physical properties of ink composition and provide novel insights into
the solvent selection of inkjet-printed CLs. Even though the printing time
of CL decreases with increasing PG concentrations, only low PG con-
centrations should be considered for MEA preparation to avoid strong
performance losses. However, total omission of high-boiling point sol-
vents makes the IJP process unreliable and selection of proper solvent
composition is key challenge to allow wide-spread allocation of IJP in
fuel cell technologies.
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