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Abstract

Electroceramic support materials can help redutiegnoblemetal loading of iridium
in the membrane electrodes assem@WEA) of proton exchange membrane (PEM)
electrolyzers. Highly activanodescontaining Irblack catalyst and submicrenTisO;

aremanufactured througscreenprinting techniqueSeveralvehicle solventsincluding
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ethanel,2-diol; propanel,2-diol and cyclohexandreinvestigated Suitablefunctional
anodc layerwith iridium loadingas low a€0.4 mg cnf is obtained Surface properties

of the deposited laysare investigated byastomic force microscopy(AFM). The most
homogeneouscoating with the higlest electronic conductivityis obtained using
cyclohexanal Tests in PEM electrolyzer operating at 1.7 V and 40 °C demonstrate that
the CCM with anode coated witbyclohexanol presesta 1.5-fold higher Ir-mass

activity than that of the commercial CCM.
1. Introduction

Intermittencyand fluctuationof renewable energy sourcemmainmajor issue for an
efficient utilization while thepower flow and utility frequency ofthe grid need to be
steadily regulated and balancétiydrogen can be produced through water electrolysis
with the surplus from renewables when available and stored as a carbon neutral energy
carrier.Protonexchangemembrane (PEM) water electrolysis ip@mising technology

for coupling renewables with hydrogen due to the wide operating range and the fast
response[1-3]. In particular, the compact system design, high efficiency and easy
maintenance are advantageous features cangptr the mature alkalinelectrolysis
technology[1,4,5]. Yet, the penetration of PEM electrolyzer systems at the megawatt
scale will be hindered by the high cost and scarcity of catalyst materials, together with
the manufacturing of the membrane electrodes assembly (MEA), which currently
represent approximateB0 % of the overall costs @he PEM electrolyzerstack[6].
Therefore, here is apotential forcost reductionby decreasing thesedamount of
precious group netals (PGM) and optimizing the catalyst coating processthe
production of MEAs

A reduction in thecatalyst loadings is not only important due to high price of the

precious metals but also the scarcityptaEtinumand mainlyiridium [7]. Despite some



recent advances thtaiok several years of resealf@9], the stateof-the-art anodestill
demandshigh iridium loading of ca. 2-4 mg cn¥ [10,11], to balancethe sluggish
kinetics andthe high charge transfeoverpotentialcaused bythe oxygen evolution
reaction (OER) Ceramic supports like Magngbihase titanium subxides (TiQ, Ti4O;

and TEOg) are promising catalyst supparizroviding a higher catalytic stability and
resistance to corrosion in the harsh environment of the electrolyzer anode in comparison
to the typicalcarbonrbased supports used in PEM fuel cfl®-20].

For the manufacturing, screen printing is a widespread and concoshefficient
printing technique that can be used to produatlyst coated membranes (CCM
MEA), where the catalysts are directigposited on g@roton exchangenembrane-
typically Nafion Some reportson the fabricationof MEAs for PEM fuel cellswith
screen printingare availableBut in most ofthem thecatalyst depositiors carried out

on the gasdiffusion layer GDL) or on PTFE sheetwith posteriordeal transferto the
membraneThis is the usual strategy tvoid typical processg issuesike membrane
swellingwhenit contacts with organic solvenfg1-24]. The overcome of the swelling
issue is a key challenge asett catalyst deposition on the membrane may provide
better contact between the catalyst layer and the electrolyterétusing interfacial
contact resistanse Kim and ceworkers proposed a treatme[f5] in which the
membrane was exchanged from thefetfm to N& form before coating. The protonic
recorversion was performed after the catalyst layer was deposited and dried.
Nonethelessno report is found in the literatuoé screenprintedcatalyst layerslirectly

on the membrane for PEM electrolyz§tg].

Composition of the catalystk affects not only the coating process itsdify governing

the rheologicalproperties- but also affect the microstructure of the coated lay&he

properties otthe catalysink should be optimizeaot only for the coating process but



also for maximizing the connection of catalgt sites to both electronic annic
conductive phaseshusensuringthe overdl performance of the electrolge The idea
of using solubilized Nafiononomerin catalyst inks or suspens®has been widely
acceptedfor extending protoric vehicular conductioninside 3D-structuresof the
catalyst layerg26-28]. More recently,Chan and Eikerlingeportedthationomerfree
ultra-thin catalyst layers (20 500 nm thick)rely entirely onliquid water for proton
conduction[29]. Therefore, afully humidified catalyst layer would be benefigial
enabling proton conductioexclusivelyby the Grotthuss mechanisB0]. In the case of
screenprinted catalyst layers with thickness in the micrometer rangsnomer
distributionandits orientation should be tuned feaonnecting the most active sites to
the protoric conductive phase while nbinderingelectronic conductivity of the catalyst
support ananassdiffusion in the porous structure of the catalyst lajad].

In this work, highly-active anodeswith inexpensive catalyst support and low cagaly
loading were fabricated via costeffective andscalablescreen printing technique
Moreover, he properties of theleveloped layers were characterized and investigated

through diagnostic tools such as TGA, AFM and electrochemical single cell tests

2. Experimental

2.1 CCM fabrication

2.1.1 Screeprinting of the anode

In the preparation afhe screen printingnks, summarizedn Table 1,30 wt% Iridium
Black (Umicore) was mixed witlfTO wt% Ti,O; catalyst supportGhangsha Purong
Chemical Engineering Inc.using a mortar and a pestl&thanel,2-diol (Sigma
Aldrich), propare-1,2-diol (VWR) and cyclohexanol (VWR) were used as organic

solvents for thenks (physicochemicaproperties shown iffable 2) The ratio between



Nafionionomer and the total solid particles was kept at 3% {82]. The ®lvents from

a 20 wt% Nafion solution (Sigma Aldrich) were evaporated dutiregnixing ard, only
then, the chosen organic solvent was added. The solid content in the screenipkisiting
was kept at 37.5 wt¥%except forthe ink used in the effectiveness assessment of the
membrane swelling treatment which contained a lo(let not determineédweight

ratio of solid particles

Catalyst Catalyst support
Ink formulations Binder (11.25 wt%o) Solvent (62.5 wt%0o)
(7.875 wt%o) (18.375 wt%o)
A Ir Black TisO; Nafion ionomer Ethanel,2-diol
B Ir Black Ti,Oy Nafion ionomer Propanel,2-diol
C Ir Black Ti,O7 Nafion ionomer Cyclohexanol

Table 1- Screen printingnk formulations; weight ratios based on the total weight of

theink.
Viscosity * 10 Vapor pressure Relative Boiling temperature
Solvent
(Pas) @ 298 K (Pa) @ 293K permittivity () (K @ 10° Pa)
Ethane-1,2-diol 16.13 8 37 @298 K 470.75
Propane-1,2-diol 42.00 17.3 32 @293 K 461.35
Cyclohexanol 54.60 133.3 15 @293 K 434.15

Table 2- Physical properties of organic solvents used in screen pritiike)
Nafion 212 membrane was cut irgquaresith a size7 cm x 7 cmand,after removing
the protection foils andconditioning at ambient humidity, they were weighted
Subsequentlythey were placedon a porous metal substrate, enabling the use of a
vacuumpositioningand fixing systemduring the coating procesan Aurel 900 steen

printer equippedwith a Koenen TyplO M6 mesh (4 cfof open area) was usdadr



coatingthe anods of theCCMs. The printing pressure was set to 1.5 N%cand the

distance between the screen and the substraté.@masn.

After coating the sampleswere dried firstly on the screen printing holddor 10
minutesunder infrared radiation produced by ianandescent lam@0 W, distancel0
cm) to remove most of the solverdnd then ded at 348 K for 30 minutesin a drying
oven After conditioning at ambient humidity, theneside coated membranes were
again weighted for catalyst loading calculation purpo3ée iridium loading was
calculated based oweight difference of the membranebefore and after thanode

coating, and confirmed kyrermalgravimetricanalysis (TGA).
2.1.2 Wet spraying of the cathode

Since hefocusof thiswork wasthe anode processinipe cathode was depositey the
stateof-the-art and widely usedwet spray coating method hus, the differences in
performance auld be only related to the screprinting parametershis techniquewvas
selected for processinthe platinumbased cathodesince it allows achievindiigh
performancesvith goodreproducibility[33-35]. The spraying suspension was prepared
by mixing 60 wt% Pt/C (Johnson Madhey) with 50 vol% water in isopropanal
consideringhe solvents frona 5 wt% Nafionsolution(lon Powe}. First, HPLC purity
grade vater was addedhe catalyst powdeto avoid nanoparticles ignition when in
contact with low molecular alcohol$lafion ionomer contentwas kept at35 wt%
relatively to the solids in the spraying suspensiohe total solid content in the
suspension was 0.8 wit% heated vacuum tablaet 378 K was used duringhe wet
spray depositiono dry the suspensiosolventsandsimultaneouslyavoidng membrane
swelling. After the cathodewascoated the CCM washot presseat 175 MPaand398

K for 5 minutes



2.1.3Membraneswellingtreatment

A membrandreatmentreportedby Kim and ceworkers[24,25,36]was sed to avoid
swelling of the Nabn membranecaused by ethang?2-diol. In short,the membrane

was boiled inan aqueous solutiorf .25 M NaOH for 15 minutes. Afteexchanging

from protonic to sodium ionic form, the membrane was washed and boiled in deionized
water for 10 minutes before beisgreenprinted Following, the membrane wasated
driedand hotpressed to produce the CCM. Finally, the C@#ss boiled in an agueous
solution of HSQ, (0.5 M) for 30 minutedor reprotonation The CCM wadhenrinsed

three times one minute each in deionized waienemove any remaining acid traces
before testing.The iridium loading of the two anodes used fassessingthe
effectiveness of the membrane swelling treatment were lgoyakver they were not

calculated.
2.2 Thermal gravimetric analysis (TGA)

The anodecoatedmembranewith the inkusingpropanel,2-diol as solventvas cut in
circular samples of 5 mm in diameter for the TGAeasurementThe analysis was
performed using a thermal gravimetric analyzer (NETZSCH STA 449 C) and a

DSC/TG pan Pt under air atmosphere, heated 88K to 1073 Kat5 K min™.
2.3 Atomicforce microscopy AFM)

The local properties of the surface were investigatedatoynic force microscopy
(AFM). For the AFM measurements performed with a Multimode 8 AFM (Bruker,
Karlsruhe), a piece of the MEA was cut out of demterwith a razorblade. ThECM
sample was gluedith conductive adhesive tape onto a steel disc with the anode facing
to the top. The anode was additionally connected with silver paste to ensure a low

electrical resistance. Platinum/iridium coated AFM tips (RHPY), with a nominal



spring constant o#2 N m™, were used in conductive tapping mode {RENA,
Bruker). In PFTUNA mode, a force distance curve is evaluated at every image point to
reveal adhesion, stiffness and deformatiAnbuilt-in lock-in amplifier averaged the
simultaneously measured cemt Images with a length scale of 5 um and 512 x 512
pixel were recorded at a scan rate of 0.5 Hz. The relative humidity during measurements
was 30 = 5 %. Evaluation of the porosity was performed with the bearing analysis tool
of the Bruker nanoscope dysis software. For each anode, three 25 preasurements

were performed. For the porosity determination, the 25-gimed measurements were
evaluated a#l areas of 6.25 um side lengthor the conductive area evaluation, the
threshold was set to 0.1 n&d the applied voltage was 2 V. The threshold for the
adhesion force and deformation evaluation was derived by profile lines across high and
low value areas. The adhesion force/deformation values determined by the turning

points were used as threshold valuespectively.
2.4 Single cell measurements

The investigation of the dynamiresponse of the developed CCMs vpasformedon
homemadesingle cellPEM electrolyzettest rigwith an electrode area of 4 éq87].
The cell temperature wagaintainedat 313 K and it was fed wit HPLC purity grade
water A potentiostat/galvanostaequipped with an electrochemical impedance
spectroscopy (EIS) modu{@ahnerlinstruments) wassed toevaluate the performance
of the electrolyzemm asinglecell configuration

Ti-coatedstainlesssteel bipolar platesby vacuum plasma sprayif@8-40] without
flow field were usedfor the cell assemblyAt the anode side, a Thesh was put
betveen the bipolar plate arakintered porous titanium layer (PTL) current collector of
ca. 1 mm thickness, > 40% porosity coated withlrPtx (Magneto Special Anodes

B.V.). At the cathodeside, threecarbonpapes (Toray paper030) were used@s gas



diffusion layer (GDL to prevent the destruction of the carbon paper upon the pressure
increase caused by the evolution of A protocol of measurementwas definedusing

mild conditions forelectrolyzeroperationto avoida possiblefast degradatiorof the
producedCCMs. The evolution of the current density was measured at 1.7 V in
potentiostatic condition€1S was performeat 35 mA cm to enabé a stable recording
using a small perturbation of 5 mWVhe parameters of the EIS spectra were fitted with
an equivalentcircuit [41] with (RQ) elements, representing a parallel combination of
resistance and pseudapacitance for each catalyst layer. The fitted parameters are
displayed in Table 3. Kcorresponds to the HFR in which the major contribution is
assigned to the electrolyte; Rnd R are associated to charge transfer resistances of
HER and OER, respectively. Tlhaset of mass diffusion effects waat included in the
fittings. A previously activate&ommercial CCM (E300 from Greenerityjontaining

2.25 mg crif of iridium at the anodel.25 mg crif of platinum at the cathodand
Nafion 212 membranewas also tested under the saruell configuration for

comparison purposes.

3. Results and discussion
3.1 The role ofolventsand membrane swelling treatment

Figure 1l shows theanodecoatedmembranesafter beingscreerprintedand dried.The
red circlespoint outthe membranswelling spotsThe thickness of the anodegasca.

13 pum. Theink usingcyclohexanolwasthe onlyonethat dd not generatany visible
membrane swellingThe ink usingethanel,2-diol generated more membrane swelling
when compared with thimk usingpropanel,2-diol. After hot pressingswelling spots

(red circles) could not be seen all CCMs However, aly the sample using



cyclohexanolpresenteduniform coating whichcould guarantjhomogeneousatalyst

loadng.

The generation of swelling relatedto the affinity betweenhydroxyl groups of the
solvents andsulfonated groups of NafiorCyclohexanolhas just one hydroxyl group
and a heavier closexhrbon chain while proparig2-diol and ethand,2-diol have two
hydroxyl groups A heavier carbon chain decreases the polaritthefmoleculethus

decreasinggs interaction with sulfonated groups of Nafion

a) b) <)

| lcm

Figure 1. Images of th@anodes, before hqiress, coated using different solvents: a)
ethanel,2-diol; b) propanel,2-diol; c) cyclohexanol.

The membrane treatment procedym®posedy Kim et al [25], proved to be effective
for minimizing membrane swellindzigure 2a showsthe chronoamperometriest 1.7 V
of two CCMswith anodecoatedwith ethanel,2-diol as solvent of the screen printing
ink. The eplacemenbf protonsby heavier Na reduced the affinity betweeNafion
sulfonated groups and ethahg-diol. A larger cation (N&> H*) not onlylimits the
free space for sulfonated groups to move, but dilsables thosesites for hydrogeitype
bonds with the solvent hydroxyl groupsThe two curveddisplay different starting
points and slopes before steagtgtebehavior but theelectrochemicahctivity of both
CCMsequalizedor longer timesAt the end otests the swelling treated CCIdlightly

outperformedthe CCM without treatment, indicating that the ionic form modification
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and posterioreprotonation des not hinderthe electrochemicalperformanceof the

CCM.

Figure 2b presentsthe impedance spectra (86 mA cm?) of CCMs subjected and not

subjected to membrane treatmeastorded athe end of testsThe overalimpedancef

the electrolyzerwith treated CCM is smaller thathat with the untreated CCM
(difference ofca.8 0 0  m¥andthmlargest contribution for the overall impedance is
assigned to charge transfer resistances of OER with vales f <& nadm 2 .25 Q cm
respectively[41-44]. The high frequencyresistance(HFR) is 2 5 0  m®for ¢hm

treated CCM, thais even lower than that of the untreated CEBI0 0 m¥QThis m
indicaesthat theswelling treatment has na negative effecbn the ohmic resistance

and on the membrane conductivity
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i m  With swelling treatment
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Figure 2: a) Chronoamperomeies(at 1.7 V and 40 °C) &¢CMs with andwithout
swelling treatmenth) Impedance spectra (86 mA cmi? and 40 °C) of CCMs with and

without swelling treatment.

The influence of the solventsedon the surface structucé the anodess visible in the
AFM topography measurements in Fig@rdn Figure3a and Figurec, preparedising
cyclohexanol andising propanel,2-diol, respectively more pores are present at the
surfacewhen compared to Figur@b, preparedusing ethanel,2-diol. At this anode
beside a few open pores, regions with a smooth surface are peggbatemostlikely
Nafion ionomer. The adhesion force and deformation mappings given in Bigeveal
the distribution of catalyst and ionomésnomer can be discerneain the catalyst and
support particles by its high adhesion (bright areas in Figueec), high deformation
values (bright areas iRigure 4, d-f), and low DMT modulus (stiffness)Figure S2 in

Supplementarynformation[45-47].

The surface porosity dhethree 25 puritopography images of thgeparedanodes was
evaluated. The porosity of the anode prepansihg cyclohexanol solvent was the
highest of the three samp|&6 + 2%, followed by the sample preparesingpropane
1,2-diol with 20 + 2%. The anode prepareasing ethanel,2-diol had the lowest
porosity with 13 = 2%. Due to the restriction to horizontal geometry, the AFM

determined porosity values are generally loviantthose determined by other methods.

The coatings preparedsing cyclohexanol andusing propanel,2-diol as solvents

presenteda comparably good distribution of ionomer and catalyst particles at the
surface, adllustratedin Figure4. The maximum size of connected ionomer particle area
was determined fronparticle analysis of the adhesion image evaluation. For anodes

preparedusingcyclohexanol as solventhe size washe smallest 1280 +170 nnf; for

12



anodes preparegsing propanel,2-diol, the size was 1900 + 240 Anand the largest
size wasdisplayed byanodes preparedsing ethanel,2-diol, 3420 + 40 nrh In
conclusion, the catalyst particle distribution of the anode surface preganegtthane

1,2-diol was thdeasthomaeneous.

-232

Topography

1 um Topography 1 um Topography 1 ym

Figure 3: AFM topography images anodegprepared using different solvents: a)

cyclohexanol, b) ethang,2-diol, c) propanel,2-diol.

o

26 nm

o

Deformation 1 um Deformation 1pm Deformation 1 um

Figure 4. AFM adhesion force measurementshetanodes prepared using different
solvents. a) cyclohexanol, b) etleah2-diol, c) propanel,2-diol. Correlated
deformation measurements for tneodegprepared using different solvents: d)

cyclohexanol, e) ethark 2-diol, f) propanel,2-diol.
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3.2 Catalyst loadingcalculation

The manufacturednodescontainedr-loadings of 0.4+ 0.02mg cm? according to the

differences in theveightof the membrane before and after coating the anodes

TGA (Figure S1 at Supplementary Informatipnvas performed tdhe anodecoated
using propand.,2-diol for validation ofthe weightdifference calculationThe mass
losesat400°C correspondb the Nafion membrane and iononasercompositionThese
results are in accordance withe workof Dengand ceworkers[48] who notedmajor
decompositionbetween355°G-560°C correspnding to HF, carbonyl fluorides, and
species exhibiting & stretching vibrationdn the workby Chenet al.[49], Ti,O; does

not show any thermal oxidation below 300 °C. More recently, Senevirathheo
workers [50] reported thafTi,O; oxidizes to the more stable Ti@t 550 °C with a
weight gainof 6.2% (higher than the theoretical value of 843. Iridium nanoparticles
oxidize to IrQ during the TGA measurements under airflow, which additionally

increassthe total weight gain

Theremainingmassafterthe TGA measurement was foundlieca. 5.3 % oftheinitial

mass of 4.0 mg. Sincethe species present after TGA aré¢ mand TyO7, but instead

IrO, and TiQ, different oxygen uptake by the two species was considered to calculate
IrO, masscontentat theend of TGA. The original mass fraction of Ir ithe mixture of
Ir/Ti4O; was 30 who. After the TCGA, the theoreticalmassfraction of IrO, in the
mixture of IrG/TiO2 would be32.2 wt% (calculation in Supplementary Information)
Finally, from theremainingTGA mass(correspondntto IrO, and TiQ) and the area of

the TGA sampleone can obtaithe Ir-loadingof 0.42 mg crif.

14



The cathode of the CCM was sprayed with 100 pl?aph catalyst suspension, and
estimated Pt loading was Oty cni?, assuming 1@% of suspension loss in the gun and

bordersof the spraying area
3.3 Electrical surface conductivity

In Figure5, the fraction of high deformation, high adhesion and-cmmductive surface

area of the three differently prepared anodes is givmen measuringhe ionomer
coverage, the highly deformable area fraction is the most significant signal hdmause
surface deformation valugenly regions with approximately more than 30 nm thick
ionomerlayersat the surface are counted. Due to the high surfacetiségsio the
adhesion force, the area measured by adhesion contrast also includes particles covered
by a very thin ionomer layer erroneously rated as ionomer. The ionomer area at the
surfaceof the samplgreparedusingethanel,2-diol (42 £ 2%) waslarger than that of

the two other samples, whittad approximatelythe same ionomer area fraction of 36 +

2 % (propanel,2-diol) and 35 +2 % (cyclohexanol) In addition the nomnconductive

area derived from the current measuremevds much larger in all three caseBhe
sample preparedsing propanel,2-diol had the largest nowwonductive areafollowed

by the samples preparaging ethanel,2-diol and cyclohexanol, respectively. This
discrepancy can be explained by the different eatfr the signals. A conductive
surface spot needs to be electrically connected to the back electrode, while the
nanomechanical properties reflect the properties of surface andudabe. In
conclusion, the conductive network wdalse best for the sample rgpared with
cyclohexanol, followed by the samples prepadmgdisingethanel,2-diol and propane

1,2-diol, respectively.

The AFM-derived conductive area fractions follow the same slope as the current

revealed by the polarization measurements of the araftlssa short running period

15



(Figure 6). Examples of the AFM current measments are given in Figurg a
correlation betweenelectronic conductivityand conductivesurfacearea isapparent

Consequently, a decrease anomer contentcould enhancethe electrolyzr

performance.

I ! I ! I
120 4 |l High deformation area -
| I High adhesion area

100 4 ] Non-conductive area

o

80

60 -

Relative area / %

40

20 +

Cyclohexanol  Ethane-1,2-diol Propane-1,2-diol

Figure 5: Relative area of adhesion, deformation and+eonductive area at the

surfaces of the three anodes prepared using different solvents.
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Figure 6: Comparison of AFMlerived conductive area and current after short

runningin period for the three differently prepared anodes.
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Figure 7: AFM measurements of conductive area for the anodes prepared using

different solvents: a) cyclohexanol, b) ethdn2diol, c) propanel,2-diol.

In Figure8, the surfaceopography 6400 pnt of the three different surface structures
is shown the roughness wasvaluated fronthe AFM topographyimages. Théiighest

roughness of 120 + 30 nm was observed for the anode prepmngethanel,2-diol as

17



solvent, followed by the sample prepareingcyclohexanol 110 £ 10 nm; the lowest
roughness was determined for the sample prepasaty propanel,2-diol, with a
roughness of 54 + 2 nm. The haitoughness ofample preparedsingethanel,2-diol

is likely caused by the large height differences between the ionomer agglomerates and
the catalystcontainingphase and does not represent the roughness of the surface film
thelarge inhomogeneity is also indicated by the large error. The sanggarpdusing
ethanel,2-diol exhibited the most heterogeneous distribytiaith regions of high

catalyst density and large ionomer areas without any catalyst.

3D-Topography

3D-Topography 3D-Topography

4 uym 4 uym 4 um

Figure 8: AFM 3D-topography measurements of the anodes prepared using different

solvents: a) gclohexanol, b) etharg,2-diol, c) propanel,2-diol.

3.4 Electrachemical performance

Chronoamperometriesf the CCM with anodescoatedusing different solventsare
depictedn Figure9a. After 180 min of operatiorthe anode coateasingcyclohexanol
solventdeliveredthe highestcurrentdensityat 1.7 V, followed by theanodecoated

using propanel,2-diol. The relative permittivity of the ink solvents impacts on the
ionomer conformation and distribution in the catalyst layer. The three solvents used in

this work (wit hioreomerremath)n salutiok ®riz2K]a-fom Eigure

18



93, electrochemical activitys higherfor solventswith lower relative permittivity. This
factsuggests that solvents with € values
of the ionomer generate a better triplease boundary, thus promoting a better catalyst
utilization. The single curve with a relatively constant current valuat end of tests
corresponds to the anode coated using ethidghdiol as ink vehicle The slow
electrochemicahctivity improvementobservedn Figure9a can be attributed t€CM
activationphenomenonwhich is atypical proceduran PEM fuel cellg51]. The origin

of this improvemenimightbe relatedo theaccommodation of theicrostructure of the
catalyst layerand membran®nomer Additionally, high potentiaé typical in water
electrolysis ¢perationabove 1.4 V) enable oxidatiaf Ir to the more OERactivelrO,

[52]. A commercial CCM(E300 from Greerernity) was also testedinder thesame
conditions(Figure S3in Supplementary Informationfhe commercial CCM had been
previously activated by the manufacturbfass activies of the fabricated CCMsare
presentedn Figure 9b. Even thoughthe CCMs coatedusing propanel,2-diol and
cyclohexanoldid not reachsteadystateactivity at end of teststhey already exceed

the iridium-mass activity of E30@t 1.7 V and 40 °CThe screerprinted CCM using
cyclohexanol as inkehicledelivered the highest-nass activitythat is0.26 A mg* at

1.7 V and 40 °CCompared to the commercial CCM, a higher catalyst utilization was

observed for the screen printed CCM using cyclohexanol as a solvent.
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Figure 9: a) Chronoamperometesat 1.7 V and 40 °C c€CMs withanodes coated
using ethanel,2-diol propanel,2-diol, and cyclohexanol as solvents.Ibjlium-mass

activity of fabricated CCMs and E300 (Greenerity) at 1.7 V anteiC10

Electrochemical impedance spectra (Figure 10) were recorded in galvanostati@amode (
35 mA cm?) at end of tests. The EIS spectra were fitted with the equivalent circuit
depicted in Figure 10 that consisted in (RQ) elements, representing a parallel
combination of a resistance with a constant phase element. The high frequency
resistance§Rs), associated to the electrolyte, were similar and the highest for the CCMs
coated with ethang&,2d i o | and cycl oh e’ the west forthed . 2 9

commer ci al C C K}, foflowed by tBe2CCId coated with propate?-diol
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( ~ 0. 2BR,iQassoamted to the HER and the lowest values were obtained for the

CCM coated with cyclohexanol?,lodedbydhmmer ci al
CCM coated with ethanrg,2-d i o | ( ~ ?6add the Bighestrfor the CCM coated

with propanel,2diol (~7 4 m). Knally, R is associated to the OER and is
responsible for the major contribution for the overall impedances. As discussed above

and following the trend observed in the chronoamperometries (Figure 9), the values for

R, arehigher for the anags coated with the solvents with higher relative permittivity.

Among the fabricated CCMs, the high&st value was obtained for the anode coated
ethanel,2d i o | ( ~ ?), Tolloed By the ranode coated with propdnadiol (~

0. 98 ?andahm lowesfor the anode coated with cyclohexanol (~ 086 ¢é)m

Despite the commercial CCM presented the lowestmong al |l CCMgs (~ 0. 5
this difference can be attributed to the higher Ir loading and to several others factors that

depend on the matelseand methods used in the manufacture
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10 B Ethane-1,2-diol
=] R R ® Propane-1,2-diol
| 1 2 — A Cyclohexanol

R i | { |

" { E300

0.8 - Q, 2 —— Ethane-1,2-diol (fit)
—— Propane-1,2-diol (fit)
—— Cyclohexanol (fit)

0.6 E300 (fit)

-Z" | Wem?

Figure 10: Impedance spectra 85 mA cri? and 40 °C of E300 (Greenerity) and
fabricated CCMs with anodes coated using ethaj2ediol; propanel,2-diol; and

cyclohexanols solvents.



CCMs Rs/Q R,/ Q Q./F R,/ Q Q./F

With swelling
494 m 31.97m 432.8u 522.6 m 579
treatment
Without swelling
75.76 m 51.18 m 364.3u 617.8 m 289.5u
treatment
Ethane-1,2-diol 74.1m 16.04 m 1.482 m 374 m 998.7u
Propane-1,2-diol 63.37m 18.39 m 2.345m 2446 m 3.945m
Cyclohexanol 738l m 8.41m 4.26m 214.2m 4.77m
E300 55.31m 8.296 m 48.73 m 146.3 m 306 m

Table 3: Parameters evaluated from EIS data fitting to equivalent circuit shown in Fig.

10 for thefabricated and commercial CCMs

4. Conclusions

PEM electrolyzer CCMswere successfully fabricated by screen printteghnique
using three different solvents the inksand a mixture of Hblack catalyst and JO;
support. As the electronic conductivity is correlated to the conductive surface area
derived by AFM, a decrease of ionomer contmild lead to a higher electrochemical

performance.

This work unveils promising OER activities from inexpensive and-sealable seen

printed anodes with reduced iridium ldags of 0.4 + 0.02 mg cif which is 83 %
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lower than that of the commercial referen@@e membraneswelling reatmentwas
found to be effectiveminimizing the membrane swelling during the coating process
using ethanel,2-diol as solvent of the paste without hindering the electrolyzer

performance

Cyclohexanol was found to keesuitable single solvent faroatinganodesdirectly on
the membranelt did not causeny noticeable swelling of the m&rane thugnabling

to skip the membrane swelling treatmerPEM electrolyzer tests at constant 1.7 V
showedthat the screenprinted CCM, using cyclohexanol as ink vehigldelivers the
highest current among all the prepared samflbs. Irmass activity of the CCM with

anode coated with cyclohexanol was 1.5 times higher than that of the commercial CCM.
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