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Abstract 

Electroceramic support materials can help reducing the noble-metal loading of iridium 

in the membrane electrodes assembly (MEA) of proton exchange membrane (PEM) 

electrolyzers. Highly active anodes containing Ir-black catalyst and submicronic Ti4O7 

are manufactured through screen printing technique. Several vehicle solvents, including 
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ethane-1,2-diol; propane-1,2-diol and cyclohexanol are investigated. Suitable functional 

anodic layer with iridium loading as low as 0.4 mg cm
-2

 is obtained. Surface properties 

of the deposited layers are investigated by atomic force microscopy (AFM). The most 

homogeneous coating with the highest electronic conductivity is obtained using 

cyclohexanol. Tests in PEM electrolyzer operating at 1.7 V and 40 °C demonstrate that 

the CCM with anode coated with cyclohexanol presents a 1.5-fold higher Ir-mass 

activity than that of the commercial CCM. 

1. Introduction 

Intermittency and fluctuation of renewable energy sources remain major issues for an 

efficient utilization, while the power flow and utility frequency of the grid need to be 

steadily regulated and balanced. Hydrogen can be produced through water electrolysis 

with the surplus from renewables when available and stored as a carbon neutral energy 

carrier. Proton exchange membrane (PEM) water electrolysis is a promising 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 comparing to the mature alkaline electrolysis 

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 approximately 20 % of the overall costs of the PEM electrolyzer stack [6]. 

Therefore, there is a potential for cost reduction by decreasing the used amount of 

precious group metals (PGM) and optimizing the catalyst coating process in the 

production of MEAs.  

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

precious metals but also the scarcity of platinum and mainly iridium [7]. Despite some 
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recent advances that took several years of research [8,9], the state-of-the-art anode still 

demands high iridium loadings of ca. 2-4 mg cm
-2 

[10,11], to balance the sluggish 

kinetics and the high charge transfer overpotential caused by the oxygen evolution 

reaction (OER).  Ceramic supports like Magnéli-phase titanium sub-oxides (TiO2, Ti4O7 

and Ti5O9) are promising catalyst supports, providing a higher catalytic stability and 

resistance to corrosion in the harsh environment of the electrolyzer anode in comparison 

to the typical carbon-based supports used in PEM fuel cells [12–20].  

For the manufacturing, screen printing is a widespread and common cost-efficient 

printing technique that can be used to produce catalyst coated membranes (CCM-

MEA), where the catalysts are directly deposited on a proton exchange membrane – 

typically Nafion. Some reports on the fabrication of MEAs for PEM fuel cells with 

screen printing are available. But in most of them, the catalyst deposition is carried out 

on the gas diffusion layer (GDL) or on PTFE sheets with posterior decal transfer to the 

membrane. This is the usual strategy to avoid typical processing issues like membrane 

swelling when it contacts with organic solvents [21–24]. The overcome of the swelling 

issue is a key challenge as direct catalyst deposition on the membrane may provide 

better contact between the catalyst layer and the electrolyte thus reducing interfacial 

contact resistances. Kim and co-workers proposed a treatment [25] in which the 

membrane was exchanged from the H
+
 form to Na

+
 form before coating. The protonic 

reconversion was performed after the catalyst layer was deposited and dried. 

Nonetheless, no report is found in the literature of screen-printed catalyst layers directly 

on the membrane for PEM electrolyzers [11].  

Composition of the catalyst ink affects not only the coating process itself - by governing 

the rheological properties - but also affects the microstructure of the coated layer. The 

properties of the catalyst ink should be optimized not only for the coating process but 
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also for maximizing the connection of catalytic sites to both electronic and ionic 

conductive phases, thus ensuring the overall performance of the electrolyzer. The idea 

of using solubilized Nafion ionomer in catalyst inks or suspensions has been widely 

accepted for extending protonic vehicular conduction inside 3D-structures of the 

catalyst layers [26–28]. More recently, Chan and Eikerling reported that ionomer-free 

ultra-thin catalyst layers (20 - 500 nm thick) rely entirely on liquid water for proton 

conduction [29]. Therefore, a fully humidified catalyst layer would be beneficial, 

enabling proton conduction exclusively by the Grotthuss mechanism [30]. In the case of 

screen-printed catalyst layers, with thickness in the micrometer range, ionomer 

distribution and its orientation should be tuned for connecting the most active sites to 

the protonic conductive phase while not hindering electronic conductivity of the catalyst 

support and mass diffusion in the porous structure of the catalyst layer [31].  

In this work, highly-active anodes with inexpensive catalyst support and low catalyst 

loading were fabricated via a cost-effective and scalable screen printing technique. 

Moreover, the properties of the developed 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 Screen printing of the anode  

In the preparation of the screen printing inks, summarized in Table 1, 30 wt% Iridium 

Black (Umicore) was mixed with 70 wt% Ti4O7 catalyst support (Changsha Purong 

Chemical Engineering Inc.) using a mortar and a pestle. Ethane-1,2-diol (Sigma 

Aldrich), propane-1,2-diol (VWR) and cyclohexanol (VWR) were used as organic 

solvents for the inks (physicochemical properties shown in Table 2). The ratio between 
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Nafion ionomer and the total solid particles was kept at 30 wt% [32]. The solvents from 

a 20 wt% Nafion solution (Sigma Aldrich) were evaporated during the mixing and, only 

then, the chosen organic solvent was added. The solid content in the screen printing inks 

was kept at 37.5 wt%, except for the ink used in the effectiveness assessment of the 

membrane swelling treatment which contained a lower (but not determined) weight 

ratio of solid particles. 

Ink formulations  

Catalyst 

(7.875 wt%) 

Catalyst support 

(18.375 wt%) 

Binder (11.25 wt%) Solvent (62.5 wt%)  

A Ir Black Ti4O7 Nafion ionomer Ethane-1,2-diol 

B Ir Black Ti4O7 Nafion ionomer Propane-1,2-diol 

C Ir Black Ti4O7 Nafion ionomer Cyclohexanol 

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

the ink. 

Solvent 

Viscosity * 10-3 

(Pa s) @ 298 K 

Vapor pressure 

(Pa) @ 293 K 

Relative 

permittivity (ɛ) 

Boiling temperature 

(K @ 105 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 printing inks. 

Nafion 212 membrane was cut into squares with a size 7 cm x 7 cm and, after removing 

the protection foils and conditioning at ambient humidity, they were weighted. 

Subsequently, they were placed on a porous metal substrate, enabling the use of a 

vacuum positioning and fixing system during the coating process. An Aurel 900 screen 

printer equipped with a Koenen Typ-10 M6 mesh (4 cm
2
 of open area) was used for 



 

6 

coating the anodes of the CCMs. The printing pressure was set to 1.5 N cm
-2

 and the 

distance between the screen and the substrate was 0.8 mm. 

After coating, the samples were dried firstly on the screen printing holder for 10 

minutes under infrared radiation produced by an incandescent lamp (40 W, distance 10 

cm) to remove most of the solvent, and then dried at 348 K for 30 minutes in a drying 

oven. After conditioning at ambient humidity, the one-side coated membranes were 

again weighted for catalyst loading calculation purposes. The iridium loading was 

calculated based on weight difference of the membranes before and after the anode 

coating, and confirmed by thermal gravimetric analysis (TGA). 

  2.1.2 Wet spraying of the cathode 

Since the focus of this work was the anode processing, the cathode was deposited by the 

state-of-the-art and widely used wet spray coating method. Thus, the differences in 

performance could be only related to the screen printing parameters. This technique was 

selected for processing the platinum-based cathodes since it allows achieving high 

performances with good reproducibility [33–35]. The spraying suspension was prepared 

by mixing 60 wt% Pt/C (Johnson Matthey) with 50 vol% water in isopropanol, 

considering the solvents from a 5 wt% Nafion solution (Ion Power). First, HPLC purity 

grade water was added the catalyst powder to avoid nanoparticles ignition when in 

contact with low molecular alcohols. Nafion ionomer content was kept at 35 wt% 

relatively to the solids in the spraying suspension. The total solid content in the 

suspension was 0.8 wt%. A heated vacuum table at 378 K was used during the wet 

spray deposition to dry the suspension solvents and simultaneously avoiding membrane 

swelling. After the cathode was coated, the CCM was hot pressed at 1.75 MPa and 398 

K for 5 minutes.  



 

7 

 2.1.3 Membrane swelling treatment 

A membrane treatment reported by Kim and co-workers [24,25,36] was used to avoid 

swelling of the Nafion membrane caused by ethane-1,2-diol. In short, the membrane 

was boiled in an aqueous solution of 0.25 M NaOH for 15 minutes. After exchanging 

from protonic to sodium ionic form, the membrane was washed and boiled in deionized 

water for 10 minutes before being screen-printed. Following, the membrane was coated, 

dried and hot pressed to produce the CCM. Finally, the CCM was boiled in an aqueous 

solution of H2SO4 (0.5 M) for 30 minutes for reprotonation. The CCM was then rinsed 

three times one minute each in deionized water to remove any remaining acid traces 

before testing. The iridium loading of the two anodes used for assessing the 

effectiveness of the membrane swelling treatment were equal, however they were not 

calculated. 

 2.2 Thermal gravimetric analysis (TGA) 

The anode-coated membrane with the ink using propane-1,2-diol as solvent was cut in 

circular samples of 5 mm in diameter for the TGA measurement. The analysis was 

performed using a thermal gravimetric analyzer (NETZSCH STA 449 C) and a 

DSC/TG pan Pt under air atmosphere, heated from 303 K to 1073 K at 5 K min
-1

.  

 2.3 Atomic force microscopy (AFM) 

The local properties of the surface were investigated by atomic force microscopy 

(AFM). For the AFM measurements performed with a Multimode 8 AFM (Bruker, 

Karlsruhe), a piece of the MEA was cut out of the center with a razorblade. The CCM 

sample was glued with 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 (PPP-NCHPt), with a nominal 
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spring constant of 42 N m
-1

, were used in conductive tapping mode (PF-TUNA, 

Bruker). In PF-TUNA mode, a force distance curve is evaluated at every image point to 

reveal adhesion, stiffness and deformation. A built-in lock-in amplifier averaged the 

simultaneously measured current. Images with a length scale of 5 µm 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 analysis software. For each anode, three 25 µm
2
 measurements 

were performed. For the porosity determination, the 25 µm
2
-sized measurements were 

evaluated at 4 areas of 6.25 µm side length. For the conductive area evaluation, the 

threshold was set to 0.1 nA and 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 values, respectively. 

 2.4 Single cell measurements 

The investigation of the dynamic response of the developed CCMs was performed on 

home-made single cell PEM electrolyzer test rig with an electrode area of 4 cm
2
 [37]. 

The cell temperature was maintained at 313 K and it was fed with HPLC purity grade 

water. A potentiostat/galvanostat equipped with an electrochemical impedance 

spectroscopy (EIS) module (Zahner Instruments) was used to evaluate the performance 

of the electrolyzer in a single-cell configuration. 

Ti-coated stainless steel bipolar plates by vacuum plasma spraying [38–40] without 

flow field were used for the cell assembly. At the anode side, a Ti mesh was put 

between the bipolar plate and a sintered porous titanium layer (PTL) current collector of 

ca. 1 mm thickness, > 40% porosity coated with Pt-IrOx (Magneto Special Anodes 

B.V.). At the cathode side, three carbon papers (Toray paper 030) were used as gas 
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diffusion layer (GDL) to prevent the destruction of the carbon paper upon the pressure 

increase caused by the evolution of H2. A protocol of measurements was defined using 

mild conditions for electrolyzer operation to avoid a possible fast degradation of the 

produced CCMs. The evolution of the current density was measured at 1.7 V in 

potentiostatic conditions. EIS was performed at 35 mA cm
-2

 to enable a stable recording 

using a small perturbation of 5 mV. The parameters of the EIS spectra were fitted with 

an equivalent circuit [41] with (RQ) elements, representing a parallel combination of 

resistance and pseudo-capacitance for each catalyst layer. The fitted parameters are 

displayed in Table 3. RS corresponds to the HFR in which the major contribution is 

assigned to the electrolyte. R1 and R2 are associated to charge transfer resistances of 

HER and OER, respectively. The onset of mass diffusion effects was not included in the 

fittings. A previously activated commercial CCM (E300 from Greenerity), containing 

2.25 mg cm
-2

 of iridium at the anode, 1.25 mg cm
-2

 of platinum at the cathode and 

Nafion 212 membrane, was also tested under the same cell configuration for 

comparison purposes. 

 

3. Results and discussion 

 3.1 The role of solvents and membrane swelling treatment 

Figure 1 shows the anode-coated membranes, after being screen-printed and dried. The 

red circles point out the membrane swelling spots. The thickness of the anodes was ca. 

13 µm. The ink using cyclohexanol was the only one that did not generate any visible 

membrane swelling. The ink using ethane-1,2-diol generated more membrane swelling 

when compared with the ink using propane-1,2-diol. After hot pressing, swelling spots 

(red circles) could not be seen in all CCMs. However, only the sample using 
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cyclohexanol presented uniform coating which could guaranty homogeneous catalyst 

loading.  

The generation of swelling is related to the affinity between hydroxyl groups of the 

solvents and sulfonated groups of Nafion. Cyclohexanol has just one hydroxyl group 

and a heavier closed carbon chain while propane-1,2-diol and ethane-1,2-diol have two 

hydroxyl groups. A heavier carbon chain decreases the polarity of the molecule thus 

decreasing its interaction with sulfonated groups of Nafion. 

 

Figure 1:  Images of the anodes, before hot press, coated using different solvents: a) 

ethane-1,2-diol; b) propane-1,2-diol; c) cyclohexanol. 

The membrane treatment procedure proposed by Kim et al. [25], proved to be effective 

for minimizing membrane swelling. Figure 2a shows the chronoamperometries at 1.7 V 

of two CCMs with anode coated with ethane-1,2-diol as solvent of the screen printing 

ink. The replacement of protons by heavier Na
+
 reduced the affinity between Nafion 

sulfonated groups and ethane-1,2-diol. A larger cation (Na
+ 

> H
+
) not only limits the 

free space for sulfonated groups to move, but also disables those sites for hydrogen-type 

bonds with the solvent hydroxyl groups.  The two curves display different starting 

points and slopes before steady-state behavior, but the electrochemical activity of both 

CCMs equalizes for longer times. At the end of tests, the swelling treated CCM slightly 

outperformed the CCM without treatment, indicating that the ionic form modification 
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and posterior reprotonation does not hinder the electrochemical performance of the 

CCM.  

Figure 2b presents the impedance spectra (at 35 mA cm
-2

) of CCMs subjected and not 

subjected to membrane treatment, recorded at the end of tests. The overall impedance of 

the electrolyzer with treated CCM is smaller than that with the untreated CCM 

(difference of ca. 800 mΩ cm
2
) and the largest contribution for the overall impedance is 

assigned to charge transfer resistances of OER with values of 2.1 Ω cm
2
 and 2.5 Ω cm

2
, 

respectively [41–44]. The high frequency resistance (HFR) is 250 mΩ cm
2
 for the 

treated CCM, that is even lower than that of the untreated CCM - 300 mΩ cm
2
. This 

indicates that the swelling treatment has not a negative effect on the ohmic resistance 

and on the membrane conductivity.  
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Figure 2: a) Chronoamperometries (at 1.7 V and 40 ºC) of CCMs with and without 

swelling treatment. b) Impedance spectra (at 35 mA cm
-2

 and 40 ºC) of CCMs with and 

without swelling treatment. 

 

The influence of the solvents used on the surface structure of the anodes is visible in the 

AFM topography measurements in Figure 3. In Figure 3a and Figure 3c, prepared using 

cyclohexanol and using propane-1,2-diol, respectively; more pores are present at the 

surface when compared to Figure 3b, prepared using ethane-1,2-diol. At this anode, 

beside a few open pores, regions with a smooth surface are present, and are most-likely 

Nafion ionomer. The adhesion force and deformation mappings given in Figure 4 reveal 

the distribution of catalyst and ionomer. Ionomer can be discerned from the catalyst and 

support particles by its high adhesion (bright areas in Figure 4, a-c), high deformation 

values (bright areas in Figure 4, d-f), and low DMT modulus (stiffness) - Figure S2 in 

Supplementary Information [45–47]. 

The surface porosity of the three 25 µm
2
 topography images of the prepared anodes was 

evaluated. The porosity of the anode prepared using cyclohexanol solvent was the 

highest of the three samples, 26 ± 2 %, followed by the sample prepared using propane-

1,2-diol with 20 ± 2 %. The anode prepared using ethane-1,2-diol had the lowest 

porosity with 13 ± 2 %. Due to the restriction to horizontal geometry, the AFM-

determined porosity values are generally lower than those determined by other methods.  

The coatings prepared using cyclohexanol and using propane-1,2-diol as solvents 

presented a comparably good distribution of ionomer and catalyst particles at the 

surface, as illustrated in Figure 4. The maximum size of connected ionomer particle area 

was determined from particle analysis of the adhesion image evaluation. For anodes 

prepared using cyclohexanol as solvent, the size was the smallest, 1280 ± 170 nm
2
; for 
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anodes prepared using propane-1,2-diol, the size was 1900 ± 240 nm
2
; and the largest 

size was displayed by anodes prepared using ethane-1,2-diol, 3420 ± 40 nm
2
. In 

conclusion, the catalyst particle distribution of the anode surface prepared using ethane-

1,2-diol was the least homogeneous. 

 

 

Figure 3: AFM topography images of anodes prepared using different solvents: a) 

cyclohexanol, b) ethane-1,2-diol, c) propane-1,2-diol. 

 

Figure 4: AFM adhesion force measurements at the anodes prepared using different 

solvents. a) cyclohexanol, b) ethane-1,2-diol, c) propane-1,2-diol. Correlated 

deformation measurements for the anodes prepared using different solvents: d) 

cyclohexanol, e) ethane-1,2-diol, f) propane-1,2-diol. 
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 3.2 Catalyst loading calculation 

The manufactured anodes contained Ir-loadings of 0.4 ± 0.02 mg cm
-2

 according to the 

differences in the weight of the membrane before and after coating the anodes.   

TGA (Figure S1 at Supplementary Information) was performed to the anode coated 

using propane-1,2-diol for validation of the weight difference calculation. The mass-

losses at 400 ºC correspond to the Nafion membrane and ionomer decomposition. These 

results are in accordance with the work of Deng and co-workers [48] who noted major 

decomposition between 355°C–560°C corresponding to HF, carbonyl fluorides, and 

species exhibiting C–F stretching vibrations. In the work by Chen et al. [49], Ti4O7 does 

not show any thermal oxidation below 300 ºC. More recently, Senevirathne and co-

workers [50] reported that Ti4O7 oxidizes to the more stable TiO2 at 550 ºC with a 

weight gain of 6.2 % (higher than the theoretical value of 5.3 %). Iridium nanoparticles 

oxidize to IrO2 during the TGA measurements under airflow, which additionally 

increases the total weight gain. 

The remaining mass after the TGA measurement was found to be ca. 5.3 % of the initial 

mass of 4.90 mg. Since the species present after TGA are not Ir and Ti4O7, but instead 

IrO2 and TiO2, different oxygen uptake by the two species was considered to calculate 

IrO2 mass content at the end of TGA. The original mass fraction of Ir in the mixture of 

Ir/Ti4O7 was 30 wt%. After the TGA, the theoretical mass fraction of IrO2 in the 

mixture of IrO2/TiO2 would be 32.2 wt% (calculation in Supplementary Information). 

Finally, from the remaining TGA mass (correspondent to IrO2 and TiO2) and the area of 

the TGA sample, one can obtain the Ir-loading of 0.42 mg cm
-2

.  
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The cathode of the CCM was sprayed with 100 µl cm
-2

 of catalyst suspension, and 

estimated Pt loading was 0.5 mg cm
-2

, assuming 10 % of suspension loss in the gun and 

borders of the spraying area.  

 3.3 Electrical surface conductivity 

In Figure 5, the fraction of high deformation, high adhesion and non-conductive surface 

area of the three differently prepared anodes is given. When measuring the ionomer 

coverage, the highly deformable area fraction is the most significant signal because, by 

surface deformation values, only regions with approximately more than 30 nm thick 

ionomer layers at the surface are counted. Due to the high surface sensitivity to 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 

surface of the sample prepared using ethane-1,2-diol (42 ± 2 %) was larger than that of 

the two other samples, which had approximately the same ionomer area fraction of 36 ± 

2 % (propane-1,2-diol) and 35 ± 2 % (cyclohexanol). In addition, the non-conductive 

area derived from the current measurements was much larger in all three cases. The 

sample prepared using propane-1,2-diol had the largest non-conductive area, followed 

by the samples prepared using ethane-1,2-diol and cyclohexanol, respectively. This 

discrepancy can be explained by the different nature of the signals. A conductive 

surface spot needs to be electrically connected to the back electrode, while the 

nanomechanical properties reflect the properties of surface and sub-surface. In 

conclusion, the conductive network was the best for the sample prepared with 

cyclohexanol, followed by the samples prepared by using ethane-1,2-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 anodes after a short running period 
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(Figure 6). Examples of the AFM current measurements are given in Figure 7; a 

correlation between electronic conductivity and conductive surface area is apparent. 

Consequently, a decrease of ionomer content could enhance the electrolyzer 

performance. 

 

Figure 5: Relative area of adhesion, deformation and non-conductive area at the 

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

running-in period for the three differently prepared anodes. 

 

Figure 7: AFM measurements of conductive area for the anodes prepared using 

different solvents:  a) cyclohexanol, b) ethane-1,2-diol, c) propane-1,2-diol. 

 

In Figure 8, the surface topography of 400 µm
2
 of the three different surface structures 

is shown; the roughness was evaluated from the AFM topography images. The highest 

roughness of 120 ± 30 nm was observed for the anode prepared using ethane-1,2-diol as 
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solvent, followed by the sample prepared using cyclohexanol - 110 ± 10 nm; the lowest 

roughness was determined for the sample prepared using propane-1,2-diol, with a 

roughness of 54 ± 2 nm. The higher roughness of sample prepared using ethane-1,2-diol 

is likely caused by the large height differences between the ionomer agglomerates and 

the catalyst-containing phase and does not represent the roughness of the surface film; 

the large inhomogeneity is also indicated by the large error. The sample prepared using 

ethane-1,2-diol exhibited the most heterogeneous distribution, with regions of high 

catalyst density and large ionomer areas without any catalyst. 

 

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

solvents: a) cyclohexanol, b) ethane-1,2-diol, c) propane-1,2-diol. 

 

 3.4 Electrochemical performance 

Chronoamperometries of the CCMs with anodes coated using different solvents are 

depicted in Figure 9a. After 180 min of operation, the anode coated using cyclohexanol 

solvent delivered the highest current density at 1.7 V, followed by the anode coated 

using propane-1,2-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 (with ε > 10) make Nafion ionomer remain in solution form [24]. From Figure 
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9a, electrochemical activity is higher for solvents with lower relative permittivity. This 

fact suggests that solvents with ε values closer to the colloidal form frontier (3 < ε < 10) 

of the ionomer generate a better triple-phase boundary, thus promoting a better catalyst 

utilization. The single curve with a relatively constant current value at end of tests 

corresponds to the anode coated using ethane-1,2-diol as ink vehicle. The slow 

electrochemical activity improvement observed in Figure 9a can be attributed to CCM 

activation phenomenon, which is a typical procedure in PEM fuel cells [51]. The origin 

of this improvement might be related to the accommodation of the microstructure of the 

catalyst layer and membrane/ionomer. Additionally, high potentials typical in water 

electrolysis (operation above 1.4 V) enable oxidation of Ir to the more OER-active IrO2 

[52]. A commercial CCM (E300 from Greenerity) was also tested under the same 

conditions (Figure S3 in Supplementary Information). The commercial CCM had been 

previously activated by the manufacturer. Mass activities of the fabricated CCMs are 

presented in Figure 9b. Even though the CCMs coated using propane-1,2-diol and 

cyclohexanol did not reach steady-state activity at end of tests, they already exceeded 

the iridium-mass activity of E300 at 1.7 V and 40 ºC. The screen-printed CCM using 

cyclohexanol as ink vehicle delivered the highest Ir-mass activity, that is 0.26 A mg
-1

 at 

1.7 V and 40 ºC. Compared 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) Chronoamperometries at 1.7 V and 40 ºC of CCMs with anodes coated 

using ethane-1,2-diol propane-1,2-diol, and cyclohexanol as solvents. b) Iridium-mass 

activity of fabricated CCMs and E300 (Greenerity) at 1.7 V and 40 °C.  

 

Electrochemical impedance spectra (Figure 10) were recorded in galvanostatic mode (at 

35 mA cm
-2

) 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 

resistances (RS), associated to the electrolyte, were similar and the highest for the CCMs 

coated with ethane-1,2-diol and cyclohexanol (~ 0.29 Ω cm
2
), the lowest for the 

commercial CCM (~ 0.22 Ω cm
2
), followed by the CCM coated with propane-1,2-diol 
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(~ 0.25 Ω cm
2
). R1 is associated to the HER and the lowest values were obtained for the 

CCM coated with cyclohexanol and commercial CCM (~ 33 mΩ cm
2
), followed by the 

CCM coated with ethane-1,2-diol (~ 64 mΩ cm
2
) and the highest for the CCM coated 

with propane-1,2-diol (~ 74 mΩ cm
2
). Finally, R2 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 

R2 are higher for the anodes coated with the solvents with higher relative permittivity. 

Among the fabricated CCMs, the highest R2 value was obtained for the anode coated 

ethane-1,2-diol (~ 1.5 Ω cm
2
), followed by the anode coated with propane-1,2-diol (~ 

0.98 Ω cm
2
) and the lowest for the anode coated with cyclohexanol (~ 0.86 Ω cm

2
). 

Despite the commercial CCM presented the lowest R2 among all CCMs (~ 0.56 Ω cm
2
), 

this difference can be attributed to the higher Ir loading and to several others factors that 

depend on the materials and methods used in the manufacture.        
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Figure 10: Impedance spectra at 35 mA cm
-2

 and 40 ºC of E300 (Greenerity) and 

fabricated CCMs with anodes coated using ethane-1,2-diol; propane-1,2-diol; and 

cyclohexanol as solvents. 
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CCMs  RS / Ω R1 / Ω Q1 / F R2 / Ω  Q2 / F 

With swelling 

treatment 

49.4 m 31.97 m 432.8 µ 522.6 m 579 µ 

Without swelling 

treatment 

75.76 m 51.18 m 364.3 µ 617.8 m 289.5 µ 

Ethane-1,2-diol  74.1 m 16.04 m 1.482 m 374 m 998.7 µ 

Propane-1,2-diol 63.37 m 18.39 m 2.345 m 244.6 m 3.945 m 

Cyclohexanol 73.51 m 8.41 m 4.26 m 214.2 m 4.77 m 

E300 55.31 m 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 the fabricated and commercial CCMs. 

 

4. Conclusions 

PEM electrolyzer CCMs were successfully fabricated by screen printing technique 

using three different solvents in the inks and a mixture of Ir-black catalyst and Ti4O7 

support. As the electronic conductivity is correlated to the conductive surface area 

derived by AFM, a decrease of ionomer content could lead to a higher electrochemical 

performance.  

This work unveils promising OER activities from inexpensive and easy-scalable screen-

printed anodes with reduced iridium loadings of 0.4 ± 0.02 mg cm
-2

, which is 83 % 



 

24 

lower than that of the commercial reference. The membrane swelling treatment was 

found to be effective, minimizing the membrane swelling during the coating process 

using ethane-1,2-diol as solvent of the paste, without hindering the electrolyzer 

performance. 

Cyclohexanol was found to be a suitable single solvent for coating anodes directly on 

the membrane. It did not cause any noticeable swelling of the membrane thus enabling 

to skip the membrane swelling treatment. PEM electrolyzer tests at constant 1.7 V 

showed that the screen-printed CCM, using cyclohexanol as ink vehicle, delivers the 

highest current among all the prepared samples. The Ir-mass activity of the CCM with 

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