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ARTICLE INFO ABSTRACT

Keywords: Inkjet printing is a deposition technique that has remarkably evolved over the last two decades, becoming widely
qulﬂd employed for various applications. Notably, it has proven very promising for catalyst and ionomer layer depo-
Film . sition in assembling CCM (Catalyst Coated Membranes) of PEMFC (Polymer Electrolyte Membrane Fuel Cells).
I;vape (;rtatwn However, fast drying of the processed inks at the outlet often causes nozzle clogging and foam formation within
Bubbles the supply circuit often yields poor release: these are the main challenges in applying inkjet printing on a large

scale. So, an experimental approach for the evaluation of drying kinetics and foam formation in inks typically
employed in fuel-cell manufacturing is presented. It allows to evaluate ink printability, compare different inks
quantitatively and assess the performance of commonly used additives. Evaluation of drying kinetics is based on
releasing ink droplets onto a support, then recording mass, ambient temperature and relative humidity. Foam
formation is evaluated by filling a syringe with a known amount of ink, then injecting air at a set flow rate into
the sampling volume: foam may be ultimately generated and its amount can be measured. Those relatively
simple approaches were applied to various inks; validation was conducted by statistical analysis and by com-
parison with physical relationships and datasets available in the open literature.

1. Introduction

Fuel cells are electrochemical devices able to convert the chemical
energy from an energy carrier - typically, but not exclusively, hydrogen
— into electrical energy through redox reactions, with heat being pro-
duced as a secondary output of an exothermic process [1,2]: overall, the
products of a fuel cell are heat and power, together with water, starting
from a fuel and oxygen as reactants. Among the various types, Polymer
Electrolyte Membrane Fuel Cells (PEMFC) are arguably the most
promising, at least at low operative temperatures (below 100 °C), thanks
to their robustness and durability [3]; they are currently employed in
both stationary [4] and mobile applications [5]. The core of a PEMFC is
the Membrane Electrode Assembly (MEA) that is where the electro-
chemical reactions take place [6]; it actually consists of the 2 electrodes
— anode and cathode - and a solid membrane interposed between them.
The main component of the electrodes is the catalyst (Platinum or
Platinum/Ruthenium for Direct Methanol Fuel Cells), which is typically

mixed with a perfluorosulphonic acid (PFSA) ionomer within carbon-
supported nanoparticles [7]; the catalyst loading may differ between
anode and cathode, with the former being typically lower than the latter
[8]. Those materials are dispersed in liquid solvents to form a suspen-
sion, the actual ink that is used for deposition onto a solid substrate
[9,10]. On the other hand, the PEMFC membranes consist of two com-
ponents: a PFSA ionomer material, including -SOsH groups that promote
proton conductivity, and a reinforcement material, typically an
expanded polytetrafluoroethylene (ePTFE) film providing mechanical
strength. The ionomer is usually released as a dispersion within a liquid
solvent, thus constituting an ink that is cast onto a substrate; the rein-
forcement material represents the inner layer of the membrane [11].
The conventional CCM (Catalyst Coated Membrane) manufacturing
approach consists of the following sequential steps: depositing the
catalyst inks onto decal-transfer carrier films; depositing the ionomer
onto a carrier film, then onto the ePTFE film; removal of the membrane
support film; hot pressing the catalyst layers against the membrane; final
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removal of decal-transfer carrier films [12,13]. However, as fuel cells are
transitioning from low-volume to mass production [3], innovative
manufacturing techniques [14,15], successfully employed in other sec-
tors (e.g., ceramic tiles, electronics), have been explored to perform
CCM roll-to-roll production, together with improving layer quality and
reducing raw-materials consumption [16]. Notably, coating and print-
ing techniques were recently employed to deposit the inks onto the
substrate in a continuous process: ultrasonic spraying [17], gravure
coating [18], knife and slot-die coating [19], screen printing [20] and
inkjet printing [21]. Inkjet printing exhibits some advantages that seem
to boost it at the forefront: as already determined for solar-cell
manufacturing [22], its high resolution, capability of patterning at
high speed and low associated waste of ink match the characteristics
required by mass production. Unfortunately, fast evaporation of certain
components of a multicomponent ink during both non-operating periods
and normal functioning may result in accumulation of non-volatile
materials at the nozzle outlet, thus generating a plug or a crust. This
phenomenon, known as nozzle clogging [23], often implies printhead
failure, which is hardly recoverable [24]. Among the various anti-
clogging strategies (e.g., applying a shaking wave at the nozzle, insert-
ing a vapor trap, using a recirculation system), adding humectants to the
solvent allows reducing evaporation rate [25,26]; among the available
chemicals, glycol compounds (e.g., ethylene glycol, polyethylene glycol,
propylene glycol) appear the most suitable, as they are known not to
poison the electrodes. Another issue that may affect inkjet printing
performance is the presence of air bubbles within the ink, often due to
air entrainment while the supply circuit is being filled or through the
nozzle outlet during non-operating periods. This phenomenon may yield
foam formation, thus ultimately causing poor, inhomogeneous or even
failed ink deposition [27]. A common and largely employed solution to
avoid or reduce foaming consists of adding defoamers (e.g., non-ionic,
silicone-based) to the ink, which fosters breakdown in bubbles [24].
Determining whether an ink may undergo fast drying and whether it
may be prone to foam formation is rather significant for assessing its
inkjet printability, especially by industrial printers that host large
amounts of ink within the supply circuit. Moreover, the quantitative
comparison between different inks — either endowed with additives or
not — in terms of drying kinetics and foam formation is also instrumental.
The present work is aimed at providing a relatively simple, yet quanti-
tatively sound experimental approach to the purpose. As for ink drying
onto a solid surface, it is worth recalling the combined three-fold
methodology (infrared thermography, X-ray radiography, computed
tomography) by Fournier et al. [28], applied to typical PEMFC sub-
strates; however, their study is mostly focused on liquid/solid interac-
tion, with a detailed analysis of the drying behavior through the liquid
film. The seminal study by Can [29], also conducted by infrared ther-
mography, allowed highlighting the constant-rate drying period even by
a transport model; subsequent works were then focused more on the
conditions that facilitate the drying process through convective heat
transfer [30,31]. A strong foundation for the approach developed here to
evaluate drying kinetics is embodied by the method proposed by Ward
et al. [32]: a simple quality control tool was devised, with evaporation
rate being the parameter that allows identifying compliance with ink
specifications. A formulation for predicting evaporation rate developed
by Ward et al. [32] was also challenged against the results from the
present work. As for the evaluation of foam formation, a simple and
fairly robust method was developed, with the early work by Brady and
Ross [33] standing as a prominent reference, even though their exper-
imental apparatus was based on injecting pure nitrogen into the tested
liquid, while keeping the vessel at constant, high temperature, so that
bubbles were made rapidly rise vertically. Interesting studies have also
been conducted for decades on foam formation in organic compounds
related to food industry [34,35] and on foam generation and transport in
pipes, both horizontal [36] and vertical [37]. However, the involved
mechanisms are slightly different from those considered in the present
research, either as they stem from biological processes (e.g.,
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fermentation) or because the scale is significantly larger. As more recent
sources of inspiration, the works by Nishioka and Ross [38] and Lun-
kenheimer and Malysa [39] show simple setups, where bubbles are
generated within the tested liquid by air injection. However, the here
presented apparatus was developed to resemble the operating condi-
tions of an industrial inkjet printer, so air was supplied within the inks at
a constant flow rate, rather than injecting discrete air bubbles.

2. Materials and methods
2.1. Drying kinetics

The developed apparatus consists of a PTFE cylindrical support (50
mm diameter, 15 mm height) with a machined blind cylindrical hollow —
the dimensions of which (15.9 mm diameter and 0.7 mm depth) were set
to allow hosting a slight excess of the amount of ink released in each test
(i.e., 0.1 ml), a 1 ml syringe, an analytical balance equipped with an
enclosure (SBC 32 model by SCALTEC Instruments, 0.1 mg accuracy), a
camera (MHS-PM5 model by Sony, resolution: 1280 x 720 pixel,
acquisition rate: 30 frames per second) and a Wi-Fi temperature and
relative humidity (RH) data-logging sensor (by Lascar Electronics, ac-
curacy: £0.3 °C for temperature readings and +1% for relative humid-
ity). A sketch (Fig. 1) and a photo (Fig. 2) of the whole setup are
presented: the balance hosts the PTFE support onto its measuring plate.
It is worth noting that PTFE was employed as the solid substrate because
of its relatively easy machinability and not with relation to PEMFC
membranes: in fact, clogging in industrial inkjet printer occurs on sur-
faces that can be made of glass, plastic or metal, depending on the
selected printhead, internal framework and reservoir.

A promising strategy to prevent inks from drying and leaving solid
deposits that ultimately result in clogging consists of coating the nozzle
plate with non-wetting layers [40]. However, the repelling effect of
those layers should be verified against each released ink. The PTFE
substrate selected for the present experiments can be regarded as con-
servative, since high wettability (i.e., contact angle lower than 90°) was
proved for each tested ink, thus implying that clogging may actually
occur throughout the drying process. The devised apparatus mostly aims
at evaluating evaporation of the liquid phase (i.e., the solvent) and
comparing inks: the developed PTFE support is capable of ensuring the
same area of the ink exposed to ambient air and available for convective
heat transfer over the entire set of performed tests, as well as guaran-
teeing that the same surface of the ink be in direct contact with a solid
body and available for thermal conduction. So, consistency between the
various conducted experiments applied in that regard. Moreover, a
hollow-shaped cavity allows imposing a uniform radial extent to the
deposited amount of ink, even though its height-to-diameter ratio (i.e.,
an expression of its aspect ratio) is remarkably small. The overall
approach to evaluate drying kinetics is founded on acquiring the mass
trend through the drying process for all the tested inks, so that a com-
parison between them can then be directly obtained.

The drying kinetics of five inks was tested; even though the formu-
lation is proprietary (by Johnson Matthey Fuel Cells), the selected inks are
representative of those typically employed to deposit the anode and the
cathode layers (PEMFC electrodes) and the ionomer layer of the PEMFC
membrane. Notably, Cathode is representative of a cathode ink, with a
mixture of deionized water and a low-boiling-point (<100 °C) alcohol
employed as the solvent; Anode 1 is representative of an aqueous anode
ink; Anode 2 is representative of an anode ink, with a mixture of
deionized water and the same alcohol as in Cathode employed as the
solvent; Ionomer is an ionomer solution, with a mixture of deionized
water and another low-boiling-point alcohol employed as the solvent.
The solid content and the solvent of each tested ink are reported and
summarized in Table 1. A mixture of Cathode and ethylene glycol (about
10 wt% of the mixture) was also tested, as that humectant was selected
among those commonly used to reduce evaporation rate and acceptable
for fuel-cell applications (Section 1).
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Fig. 1. Sketch of the experimental apparatus to evaluate drying kinetics: (a) syringe, (b) support, (c) analytical balance, (d) enclosure, (e) temperature and relative

humidity sensor, (f) camera.

Fig. 2. Photo of the experimental apparatus to evaluate drying kinetics.

Table 1
Solid content and solvent employed in each tested ink.

Ink Solid content (wt%) Employed solvent
Cathode 10-20 deionized water/alcohol
Anode 1 20-30 aqueous

Anode 2 5-15 deionized water/alcohol
Tonomer 5-15 deionized water/alcohol

As mentioned in the Introduction (Section 1), platinum concentra-
tion is higher for the Cathode ink. Every ink was stirred — manually at the
beginning, then by ultrasonic and magnetic stirring — for a few hours
prior to starting actual tests to avoid inhomogeneous distribution of the
components, since jellification of the solid content is known to occur in
fuel-cell inks. Since strict requirements are imposed to inks in terms of
viscosity (generally lower than 30 mPa s [23]) for being considered
inkjet-printable, viscosity of the tested inks was also measured by an
optical rheometer (Fluidican RHEO by Formulaction, featuring and ac-
curacy of +1%), capable of applying shear rate values even in the order
of some thousands of s™!, thus including the high shear-rate operating
region. Measurements were conducted at 25 °C. The results are shown in
Fig. 3 for three inks representative of the layers to be deposited (i.e.,
Cathode, Anode 2 and Ionomer): viscosity appears overall rather con-
stant over the 1000-15,000 s~! range of shear rate and consistently
lower than 30 mPa s, with the average percentage deviation from the
mean value being lower than 30% for Anode 2 and lower than 3% for
Cathode and Ionomer, and average standard deviation being lower than

30
»»»»»»» Ionomer
25 ---Anode 2
— Cathode

Viscosity (mPa s)

1000 3000 5000 7000 9000
Shear rate (s7)

11000 13000 15000

Fig. 3. Viscosity profiles of three representative inks (Anode 2, Cathode and
Ionomer) over the 1000-15,000 s~ * shear-rate span.

1 mPa s, which generally hints at a Newtonian behavior of the employed
inks over most of the tested range of imposed shear rate and demon-
strates they comply with the previously mentioned requirement.

The experimental procedure to achieve a quantitative evaluation of
ink mass-loss trend started with weighing the PTFE support to offset its
tare weight throughout the measurements. About 0.1 ml of ink was then
gently deposited onto the PTFE support, filling the already described
hollow (Fig. 4); that value of the released ink volume was identified as
the smallest amount significant with respect to the accuracy of the
employed analytical balance. The ink drying process was videorecorded,
with its mass readings being acquired every 30 s for 45 min, also
monitoring ambient temperature and relative humidity to verify con-
sistency between all the performed tests in terms of environmental
conditions.

Acquisition frequency was set at the reported value after some pre-
liminary tests proved any higher frequency poorly significant for better
capturing the evaporation mechanism. It is worth clarifying that the ink
was exposed to quiescent ambient air: the sampling region was enclosed
within the case of the balance; however, the volume of the enclosure was
sufficiently larger than the ink volume to avoid potential saturation, an
unlikely event per se. Ambient temperature and relative humidity were
rather constant and equal to 18 + 2 °C and 45% + 6% respectively
within the enclosure throughout the whole experimental campaign. The
procedure was repeated five times for each tested ink to assess statistical
variability, repeatability and ultimately experimental uncertainty;
notably, the average trend over the five repeated tests was calculated for
each ink, then also calculating standard deviation at each acquisition
[41]. As repeatability of the experiments was deemed overall high, five
repeats appeared sufficient to build a representative dataset. After that,
a small amount of the same tested ink (a few milliliters) was deposited
on a watch glass and let dry for 24 h to obtain an experimental
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Fig. 4. Ink deposition onto the PTFE support, within the hollow.

evaluation of solid and liquid concentration, which served as an
assessment against the values of solid and liquid concentration provided
by the ink producer, with the two proving consistent with each other.
This operation was applied to each tested ink, including the one
endowed with ethylene glycol. As a preliminary assessment of the ability
of the proposed methodology to capture the involved physics, a test was
also conducted on pure ethylene glycol, a well-known hygroscopic
substance. As expected, after 24 h of exposure in the hollow, its mass had
actually increased by about 14.8%, since water absorption from the
environment was predominant over evaporation.

The mass loss trend was initially analyzed under the form of m;/mg
ratio, where m is mass, i refers to the generic ith acquisition and O refers
to the initial acquisition upon deposition. However, since solid and the
liquid fraction of each ink is known, it was also possible to calculate
mass loss trend as referred to the sole liquid fraction (i.e., the part of the
ink available for evaporation):

i T P, €b)
miy My — My

where [ refers to the liquid phase, s refers to the solid phase and myo
can be calculated as:

mgo = mo(1 —x). (2)

The liquid fraction x is defined as:

x =20 3
my
Furthermore, mass loss rate — the actual evaporation rate — was also
quantitatively evaluated as the derivative of mass with respect to time.
Notably, the derivative was calculated under the approximation of any
involved differential quantity to a finite difference. Evaporation rate is
presented here in non-dimensional form, with the initial mass of the
liquid fraction employed to nondimensionalize mass and the sampling
period employed to nondimensionalize time: it embodies a ratio to the
constant evaporation rate that would yield full drying throughout the
sampling period. For the generic ith acquisition, mass loss rate is
expressed as:
W :LM ~ Al _ (mi—y — mip1) (1 — 1) )
@ drt T A (tir — tis))myy
where * refers to dimensionless quantities, evap stands for evapo-
rated, t is time and f refers to the final acquisition. For the first acqui-
sition (i = 0) the following expression was employed:
L dm’ _ Am’

m —

_dam. _ (mo —m)(ty — 1o)
“wdrt T AL

(11 —10).my0

(5)

whereas for the final acquisition (i = f) the following expression was
employed:

L dm  Amt (my_y —my) (tr — o) ©)

m = = =
evap dr’ At (ff — tf,l)mm

Data points are sufficiently scattered over the sampling period thanks
to the selected acquisition frequency, so no moving average over a
subset of data larger than that employed in Eq. (4) for each acquisition
was deemed necessary, since the trends calculated for each tested ink
resulted as relatively smooth.

As a comparison with existing predictive formulations, the measured
mass loss trend was compared with the evaporation rate obtained
through the diffusive model proposed by Ward et al. [32], which relies
on the Cottrell equation [42] that expresses the analogy between
evaporated mass and current flow in electrochemistry (diffusive model
thereafter). Notably, the contribution by Cottrell [42] and Buck et al.
[43] consists of relating current intensity with time in an electro-
chemical system operating at controlled potential, while Ward et al. [32]
applied a principle of similarity between evaporation rate and electro-
chemical systems: weighted stoichiometric molar charge is taken as the
equivalent to molar mass of the evaporating solvent. The physico-
chemical properties of the tested inks are considered as known param-
eters. The underlying theory is embodied by Fick’s laws [44-46]: the
first Fick’s law describes mass diffusion in a binary mixture as J =
—CD.V¢, where J is diffusive molar flux, D is the binary diffusion co-
efficient, C is molar concentration and ¢ is molar fraction of the generic
species; the second Fick’s law expresses diffusion in transient conditions

. . . 2 . .
and by one-dimensional analysis as % = —Dgy—g, where y is the coordi-

nate perpendicular to a generic surface. Ward and Tordai [47] combined
those formulations to obtain the diffusion rate per unit area across a
generic surface at y = 0:

om DC
(E) y=0 o Vv rDt @

So, in the present work the measured mass loss trends were
compared with the values calculated through a model based on the
following equation proposed by Ward et al. [32] to predict evaporation
rate in their experimental configuration, which stems from Eq. (7):

dm xp D

— = —-MS— — 8

dt RT \/zDt' ®
where M is the molar mass of the solvent(s), p is the solvent vapor

pressure, R is the molar gas constant (8.3145 J mol ! K‘l), T is the

absolute temperature, D is the diffusion coefficient of the solvent(s)

(vapor) and S is the surface area of the exposed interface (S = nd2/4,
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with d being the diameter of the hollow). It is worth noting that the term
M R% corresponds to molar concentration C of Eq. (7), referred to the
solvent in the gaseous state. In case of inks including more than one
solvent in their formulation (i.e., multicomponent liquid phase), M, p
and D of the liquid mixture were calculated as the weighted average,
with mass concentration of each solvent being the weighting factor.
Integrating Eq. (8) from an initial limit at tp) = O to a generic time ¢t
[32,47], with m = my at ty = 0, mass loss (i.e., the amount of evaporated
solvent) can be obtained as:

m—my = —2MS-L . [=. C))

The formulation expressed by Eq. (9) reflects the one developed by
Langmuir and Schaefer [48] to model ion diffusion into monolayers.

The comparison between different inks can be generally performed
through Eq. (9), ultimately normalized by dividing both members by my:

—=1-2—8—1/— (10)

As opposed to the study by Ward et al. [32], where a modified Stefan-
Winklemann tube was employed and the solvent supply could be
considered infinite, in the present work the ratio between area exposed
to ambient air and total ink volume is high and the solvent mass loss over
time is not negligible compared to the initial mass available for evapo-
ration (i.e., the initial liquid fraction). So, the amount of solvent was
considered variable over time and recalculated at each ith acquisition as:

)
el A ™)1 an

mi_g
mo

Moreover, another variation was introduced in the calculations with
respect to the diffusive model embodied by Eq. (9): the time interval
considered for each integration was 30 s, a timespan that corresponds to
the interval between two consecutive acquisitions through mass
recording in each experiment. In the generic interval [t;.1,t;], the amount
of solvent available for evaporation was considered constant. Assuming
this Ansatz, mass m in Eq. (9) turns into m; and m, in Eq. (9) turns into m;.
1, which yielded to express the diffusive equation referred to the generic
interval:

xp Dt —ti_y)

nm; = m;_; 72M5ﬁ (12)

T

So, the whole evaporation process was subdivided over a set of in-
tervals, each of which featuring a 30 s timespan; Eq. (12) was then
applied to every interval, thus making the model practically indepen-
dent of the condition of infinite solvent supply. In a similar manner to
Eq. (10), the comparison of the diffusive model with the experimental
dataset was performed through a normalized expression:

i omi M xp [D(ti—1
M _Mici o, M GXiP g 13)
my Mg my RT b2

As another term of comparison, the diffusive model developed by
Saito [49] for the isotropic diffusion case as time approaches infinity
provides a formulation for the limiting evaporation rate:

dm xp
— = —2MDd —. 14
dt RT a4
Under the simplifying assumption dm/dt ~ Am/At and acknowl-
edging that Am; =m; —m, and At; = t; —t;, mass loss could also be
evaluated by applying evaporation rate at constant isotropic diffusion to
the whole evaporation process from deposition through a generic time t;:
m;

M
i 172—Ddﬂt,-, (15)
ny my RT

where tp = 0 as in Eq. (9). This additional model is inherently
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approximate, since it relies on a limiting constant value of evaporation
rate employed over the entire transient process, yet it allowed assessing
to what extent the tested inks can be considered isotropic in terms of
diffusion.

The involved physicochemical properties of the solvents included in
the tested inks are reported in Table 2. It is worth clarifying that the
listed values of diffusion coefficient refer to diffusivity of the vapor in a
binary mixture with dry air.

2.2. Foam formation

As reviewed in the Introduction (Section 1), the developed meth-
odology is aimed at assessing quantitatively foam formation in inks and
stands as a variation of the rising bubble technique, even recently
employed to investigate the moving gas-liquid interfaces [57]. In this
approach, a single gas bubble is formed at the bottom of a liquid column
and rises as a result of buoyancy, while its motion is followed by
photographic techniques. However, the main focus is here on deter-
mining the extent to which an ink is prone to foam formation as air is
entrained within, rather than studying how a single air bubble moves
through; so, the devised apparatus is based on injecting a certain volume
of air into quiescent ink. This air flow rate can be measured and was kept
consistent through the test series to perform a comparison between
different inks. As comparing the different inks is the ultimate scope, the
injected flow rate was merely set as the value that allowed avoiding
overflow of the ink container for the case exhibiting the higher foam
formation.

Notably, the here presented setup consists of a 15 ml graduated test
tube made of polypropylene, filled with a defined amount of ink. A
straight and thin tube is then placed inside the graduated tube, ensuring
that its outlet lightly touches the bottom of the graduated tube. The thin
tube is connected to a 100 ml syringe by flexible piping. The syringe
operates de facto as a volumetric pump: pushing the plunger of the sy-
ringe leads to inject air into the ink through the hydraulic circuit that
ends with the thin tube, thus potentially generating the bubbles. In order
to guarantee constant air supply over all the performed tests, the plunger
is pushed by a linear actuator controlled via an Arduino board. The
nominal air flow rate is 1.25 ml s~ (10 ml discharge over 8 s). The
experimental apparatus is shown in the photo of Fig. 5 and in the sketch
of Fig. 6.

As the actual measurement, immediately after the air supply stops,
the volume of the generated foam is measured and recorded. The dif-
ferential volume within the graduated tube serves as an indicator of the
tendency of an ink to generate foam and it was calculated as:

AV=V-V,, (16)

where V is the volume read on the graduated scale and u refers to the
initial undisturbed volume (V,, = 2.75 ml, thin tube immersed volume
included). This approach to evaluate foam formation can also be
employed to assess how persistent the generated foam is over time,
which is a quantitative index of foam stability [58]: readings of foam
height on the graduated scale can be made at various times once air
injection stops. An empirical description of foam evolution over time is
provided by the formulation proposed by Ross [59]:

Table 2
Physical properties of the various solvents.
Property Substance
Water Alcohols’ Ethylene glycol
M (kg molfl) 0.01802 [50] <0.1 [53] 0.06207 [55]
p at 20 °C (Pa) 2300 [51] ~10% [53] 6.5 [56]
Dat25°C(m?*s™) 2.6 x 10 [52] ~107° [54] 10.05 x 10 [54]

! Since ink formulation is confidential (Sub-section 2.1), the data for the
involved alcohols are reported here only as orders of magnitude; reference is also
provided to the generic database and not to the specific chemical compounds.
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Fig. 5. Photo of the experimental apparatus to evaluate foam formation.

()

(a)
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(d)

Fig. 6. Sketch of the experimental apparatus to evaluate foam formation: (a)
graduated test tube, (b) thin tube, (c) flexible piping, (d) syringe, (e) linear
actuator, (f) Arduino board.

AAT‘/; —e, a7

where AV is the foam volume corresponding to a reading made at a
generic time t, 0 is the initial reading (i.e., foam volume read immedi-
ately after air injection is stopped, which corresponds to t = 0) and @ is a
constant dependent on temperature and on the nature of the liquid from
which the foam is formed [59]. The formulation by Ross [59] was
employed in the present study to assess how the proposed measurement
method is able to quantitatively evaluate foam stability.

However, reading foam height in the graduated tube over time is
feasible only for transparent or semitransparent inks, since the trace left
by an opaque ink onto the tube walls while foam is in the growing phase
hardly allows to visually identify its reduction once air injection is over,
as depicted in the photos of Fig. 7, where the graduated tube is shown
before and after air injection. Therefore, foam formation in inks con-
taining carbon-supported particles — almost all the catalytic inks — could
be evaluated only in terms of maximum differential volume. On the
other hand, foam stability and comparison with the theoretical formu-
lation of Eq. (17) could be performed for ionomer inks. It is also worth
remarking that wettability of the inks against the walls of the graduated
tube may affect the height reached by the foam within the tube. In the
present work, the polypropylene surface proved wettable by all the
tested inks (i.e., contact angle lower than 90°), so a comparison could be
made among them under consistent conditions. However, comparison
between inks including chemicals — mainly solvents — particularly
different from those involved in the present study may be performed
once and if their wettability is determined as consistent. In a similar
manner, the same preliminary assessment may be conducted if the
selected graduated tube is made of a different material (likely a different
polymer).

The proposed methodology is somewhat similar to the one developed
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(b)

Fig. 7. Graduated test tube before (a) and after (b) air injection.

by Lunkenheimer and Malysa [39]; however, in the present work air is
not supplied manually, but through a controlled actuator to ensure high
— virtually flawless — repeatability. Moreover, the air flow rate is not
released from the bottom, but it comes from a tube that slightly touches
the bottom of the graduated tube, thus simplifying the whole apparatus:
there is no need for an ad hoc glass column and a three-way valve to stop
the air supply.

As for every pure ink mentioned in Sub-section 2.1 with regard to
drying kinetics (Cathode, Anode 1, Anode 2 and Ionomer), the proced-
ure was repeated five times to assess the repeatability and experimental
uncertainty, which are expressed in terms of average values and stan-
dard deviation [41]. As mentioned in Sub-section 2.1, repeatability of
the experiments was deemed sufficiently high to consider five repeats a
representative dataset. Furthermore, two non-ionic (S1 and S3) and one
silicone-based (S2) surfactants were tested as additives to one of the inks
(Anode 2) — a choice made for the sake of consistency — under a con-
centration of 1 wt%, suggested by the producer. In inkjet printing, sur-
factants are often used for wetting enhancement [60]: if the surface
tension of the solvent mixture is high, a surfactant may be included in
the formulation to reduce it, which promotes ink absorption rate onto
the substrate [60]. In some cases, surfactants are also used as defoamers,
mainly coupled with aqueous solvents [60]. However lower dynamic
surface tension often implies higher tendency to generate foam, yet also
shorter bubble lifetime [61]; therefore, a method allowing to quantify
advantages and disadvantages brought by a surfactant used as a
defoamer can be quite significant.

3. Results
3.1. Drying kinetics

The mass loss trend evaluated through the experiments is presented
in Figs. 8 and 9, which show how the evaporation of the liquid fraction
(i.e., the solvent, Table 1) evolves over time with reference to the whole
initial mass and to the liquid initial mass, respectively. The curves
appear physically sound: the experimental setup (Sub-section 2.1, Fig. 1)
yields a liquid film that even initially features a rather flat meniscus,
with the mass loss trends resembling qualitatively those of droplets
(spherical caps) gently released onto a solid surface with a small contact
angle (initial angle < 15°, [62]). Notably, the profiles exhibit an initial
steeper decrease that lasts about 600 s, then followed by a decay under a
milder slope, arguably as a result of the inherent flattening of the
meniscus through evaporation, which implies a reduction of the surface
exposed to quiescent air and so to convective heat transfer. Those ob-
servations are strengthened by mass loss rate trend presented in Fig. 10.
Regardless of the cusps typical of approximating derivatives by finite
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Fig. 8. Mass loss trend (referred to initial mass) through evaporation.
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Fig. 9. Mass loss trend (referred to initial liquid mass) through evaporation.
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Fig. 10. Non-dimensional mass loss rate trend as evaluated by Egs. (4)-(6).

differences, the ranking among different inks is consistent with that from
mass loss evaluation (Figs. 8 and 9) and allows supporting the proposed
methodology.

For instance, it is possible to observe that the effect of ethylene glycol
used as an additive to reduce the evaporation process is effective espe-
cially at the beginning of the exposure to ambient air. Cathode initially
evaporates under a non-dimensional rate bigger than 1, which is due to
the involved solvent and, if kept constant, would yield full drying prior
to the end of the sampling period. On the other hand, the presence of
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ethylene glycol mixed with Cathode implies a sharp reduction in initial
evaporation rate, whereas the two trends tend to collapse onto each
other from about 900 s through to the end, with an almost full overlap
occurring from about 1300 s. Since ethylene glycol is a virtually non-
evaporating liquid, its inclusion results in a lower fraction prone to
evaporation at the beginning, which explains the large difference be-
tween the two trends over the first 900 s in both Figs. 9 and 10; an almost
constant difference then follows from about 900 s, as evaporation of the
volatile components is largely completed.

Volatility is clearly the most significant factor in explaining the
different trends. It is apparent that the inks containing alcohol as a
solvent (Cathode, Anode 2, Ionomer) exhibit a higher tendency to
evaporate, thus featuring a generally bigger evaporation rate (i.e., mass
loss rate, Fig. 10): both the involved alcohols are more volatile than pure
water, while the one included in the Ionomer is also more volatile than
the one included in Cathode and Anode 2 [63], which supports the
observed trends. The mass loss trends shown for pure solvents [32] also
appear to substantiate the aforementioned explanation for the different
evaporation rates found by the here proposed methodology. The rela-
tionship between mass loss rate and solid content is less straightforward,
even though the cathode inks appear to evaporate at a faster rate, which
can be connected to the higher platinum content. However, the chemical
bonds that may hold between the involved liquid and the solid species
may affect the evaporation process, yet they exceed the scopes of the
present work, also currently being not fully known or understood. A
relationship between drying kinetics and viscosity may also hold, mostly
as a result of the latter being ultimately an expression of how molecules
interact [64]. However, the presented approach is not aimed at high-
lighting that physical connection, nor was it apparent from the con-
ducted experiments, given the rather similar profiles and values
exhibited by the tested inks in terms of viscosity (Fig. 3).

As shown in the curves of Figs. 8 and 9, standard deviation is quite
low over the whole dataset for each tested ink; the maximum value
found through statistical analysis is +0.05, occurred for lonomer, which
appears to support repeatability of the conducted experiments, thus
ultimately emphasizing the robustness of the proposed experimental
approach. No standard deviation is presented for mass loss rate, because
curves of different inks overlapping may result in difficult identification
of the error bars. However, average standard deviation calculated for
mass loss rate is in the order of 10%, which also hints at the substantial
repeatability of the proposed approach.

Fig. 11 shows the mass loss trends calculated through the diffusive
model described in Sub-section 2.1 and consisting of Eq. (13) applied to
each 30 s interval. Comparing the profiles of the same inks between
experimental (Fig. 8) and predicted datasets (Fig. 11), it appears both
experiments and model show the same ranking between inks in terms of
evaporation rate, even including the ink endowed with ethylene glycol;
this finding supports the proposed approach, given the generic
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Fig. 11. Mass loss trend calculated through the diffusive model.
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applicability of the diffusive model to predict evaporation rate [32].
However, quantitative discrepancies can be observed between predicted
and experimental trends, which result in the diffusive model generally
underestimating the evaporation rate.

On the other hand, Fig. 12 shows the mass loss trend calculated by
Eq. (15), which is based on the approximation of evaporation rate equal
to that occurring as time approaches infinity (i.e., limiting evaporation
rate) and infinite solvent supply [49]. This would imply the highest
evaporation rate possible in the case of isotropic diffusion.

Mass loss rate and consequently mass loss are obviously higher as the
limiting rate applies (Fig. 12), when compared to those yielded by the
diffusive model (Fig. 11); however, even if the limiting evaporation rate
is employed through the whole process — an inherent approximation —
the ranking among different inks is consistent with both the experi-
mental dataset and that predicted by the diffusive model. Figs. 13-17
present the comparison between experimental results and the trends
yielded by the two models (i.e., the diffusive model and that based on
limiting evaporation rate) for each tested ink.

All the inks exhibit a steeper slope in the experimental mass-loss
trend, compared to that featuring both the predicted, in the initial
phase (i.e., the timespan that ranges from deposition through the
600-1200 s mark). That translates into a maximum percentage under-
estimation of the mass loss by the diffusive model in a range from less
than 12% (Anode 1) to less than 45% (Cathode). This behavior can be
explained as both the predictive models are founded on the isotropic
diffusion phenomenon. However, mass-transport mechanisms at the
gas/liquid interface can be remarkably affected by anisotropic diffusion,
which implies the diffusion coefficient varies from axial to radial di-
rection [32]. Notably, Ward et al. [32] observed that several inks exhibit
an anisotropic behavior; assuming the diffusion coefficient from the
available open literature as the radial one, they found that the axial
diffusion coefficient could be larger even by a factor of eight, depending
on the employed solvent. The longstanding quest for quantitative
assessment of the diffusion coefficient in anisotropic substances falls
beyond the scopes of the present work. However, it can be observed that
some inks exhibit an experimental mass-loss trend that tends to fall
between the one predicted by the diffusive model and that predicted
under the limiting evaporation rate within the sampling time (i.e., the
anode inks; Figs. 16 and 17), whereas others exhibit larger mass loss
over the whole sampling time (i.e., the cathode inks; Figs. 13 and 14).
So, the former seem more isotropic than the latter in terms of diffusion,
even though the slope of all the experimental trends (i.e., the evapora-
tion rate) tends to become asymptotically smaller than the limiting value
(Figs. 13-17), as expected.
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Fig. 12. Mass loss trend calculated as limiting mass loss rate is applied to the
whole evaporation process.
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Fig. 13. Mass loss trends for Cathode ink (experimental and predicted).
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Fig. 14. Mass loss trends for Cathode and Ethylene Glycol ink (experimental
and predicted).
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Fig. 15. Mass loss trends for Ionomer ink (experimental and predicted).
3.2. Foam formation

The amount of foam generated immediately after air injection into
the tube is stopped (Sub-section 2.2) is presented in Fig. 18 as AV,
where 0 refers to the reading on the graduated scale immediately after
shutdown of air supply. Most inks exhibit a rather low standard devia-
tion (in the order of +0.5 ml), which supports the repeatability of the
experiments, thus also making the approach quite robust. However,
there is evidence of bigger standard deviation for Anode 2 endowed with
surfactant S2 (£1.2 ml); that could be also related to the dual action
performed by the selected surfactants [60,61]: bubble formation may
even be emphasized by the lower surface tension, yet they may have a
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Fig. 18. Foam volume for the tested inks.

far shorter — sometimes instantaneous - lifetime. So, a larger degree of
randomness might be justified on physical grounds when some types of
surfactants are used; notably, silicone-based surfactants as S2 could
yield to a competition between the two described actions, with none of
the two certainly prevailing over the other. As for tendency to foam
formation, it appears Anode 1 is the most prone, whereas Cathode is the
least, which supports the ability of the proposed approach to capture the
involved phenomena, since surface tension of water is far lower than
that of the alcohol included in the Cathode ink [63], thus making an
aqueous ink entrain more air and generate more foam, at least during
the air-injection time.

Interestingly, all the surfactants tested as additives to Anode 2 made
foam formation increase with respect to the pure ink: in general, it
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appears that decreasing surface tension implies an increase in bubble
volume, regardless of the nature of the employed surfactant. However,
testing inks endowed with different surfactant concentrations may lead
to different outcomes, especially in the case of non-ionic surfactants; as
already mentioned, silicone-based ones may yield an inherent random
behavior in terms of foam formation.

In a manner similar to drying kinetics, viscosity may have an effect
on foam formation, especially impacting on the force air bubbles have to
exert to rise and ultimately leave the liquid surface. However, the here
proposed approach is not focused on analyzing that relationship;
moreover, no evidence of it arose from the conducted experiments, even
because viscosity is rather similar in the tested inks (Fig. 3).

As reported in Sub-section 2.2, the developed approach allows
visualizing foam lifetime only when transparent or semi-transparent
inks are tested. Fig. 19 shows how foam volume evolves over time for
Ionomer, the only transparent ink among those tested. The reported
trend (the average over five repeats) between the 20 s and the 45 s mark
features a higher uncertainty (up to +0.3 ml), but in the intervals before
and after that one a remarkably lower standard deviation is exhibited.
Assessing repeatability of this quantitative evaluation of foam stability is
rather complex, since randomness may be mainly associated with sta-
tistical lifetime of each individual bubble [65].

The best-fitting value for a coefficient was found equal to 0.024
through an iterative process that minimized RMSE (Root Mean Square
Error) between the experimental dataset at the relationship presented in
Eq. (17); the procedure included setting volume ratio as air injection
stops (i.e., t = 0 in Sub-section 2.2) equal to one. The trend predicted by
that formulation shows a remarkable agreement with the experimental
results, which supports the ability of the developed experimental
approach to highlight the exponential decay predicted by the Ross
formulation for foam stability [59], reviewed in Sub-section 2.2.
Notably, the Ross formulation appears to reproduce the experimental
trend qualitatively and falls within the standard-deviation range over a
substantial portion of the sampling time.

4. Conclusions

In the present work, an experimental approach consisting of two
different setups and procedures was developed to quantitatively eval-
uate drying kinetics and foam formation in inks typically employed for
inkjet printing of PEMFC electrodes and ionomer layers for the mem-
brane. Those experiments are aimed at providing comparison between
different inks, thus assessing their printability against issues as nozzle
clogging and poor ink release due to foam. Moreover, they support
performance assessment of additives commonly employed to address
those technical problems. The devised experiments — arguably

—— Measured

- Trendline

0 20 40 60 80 100 120 140
t(s)

Fig. 19. Foam volume trend for the Ionomer ink: experimental dataset and
trend predicted by the Ross formulation [59].
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unprecedented as referred to that specific application — are relatively
simple and founded on basic concepts: film drying of a suspension or a
solution deposited onto a surface in quiescent air; bubble generation by
injecting a known air flow rate within a suspension or a solution, which
resembles the mechanism occurring in industrial inkjet printers.

As for drying kinetics, the approach appears fully representative of
the involved physics, since the inks featuring the most volatile solvents
exhibited the higher evaporation rate, calculated on the acquired dataset
by approximating differential quantities to finite differences; moreover,
experiments with ethylene glycol — well recognized as a humectant that
reduces overall evaporation — resulted consistently in lower mass loss
trend. Hygroscopicity of pure ethylene glycol was also properly identi-
fied. Statistical analysis supports the robustness of the approach, as well
as the qualitative results from a predictive formulation based on a classic
diffusive model [32,44-47] applied to each of the intervals constituting
the sampling time and generated as based on mass-acquisition fre-
quency. A limiting evaporation rate based on the hypothesis of isotropic
diffusion was also challenged and applied to the whole evaporation
process. Both formulations qualitatively support the experimental
findings, yet the quantitative comparison between experimental and
predicted datasets reveals some discrepancy that may be related to inks
exhibiting anisotropic behavior in terms of diffusion. With regard to
foam formation, the developed methodology yielded substantiated
evaluation of the tendency displayed by inks in generating bubbles as air
is supplied. The capability of producing results consistent with the
involved physics is founded on observing that inks with solvents having
lower surface tension made the larger volume of foam arise. Moreover,
the proposed approach allows assessing performance of surfactants
employed as defoamers, even though the inherent randomness related to
the dual action of emphasizing bubble generation and reducing bubble
lifetime may result in higher experimental uncertainty. The devised
methodology is also capable of monitoring foam stability by visualizing
bubble volume over time, even though this can be carried out only if the
tested inks are transparent or semitransparent (i.e., the ionomer ink, in
the present work). Overall qualitative consistency with the exponential
decay of foam volume predicted by the Ross formulation [59] appears to
strengthen the applicability of the experimental setup to evaluate foam
stability, even emphasized by quantitative agreement through most of
the sampling time, as the predicted curve falls within the standard-
deviation range.

Overall, the proposed approach can be easily implemented in a
production environment and yield rapid and robust evaluation of inks
towards adapting their formulation to the requirements of inkjet print-
ing, an emerging technique in PEMFC manufacturing.
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