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1 Introduction

Deliverable D1.4 is a development report on the synthesis and performance of the final selection of
catalysts for stack’ MEA (Membrane Electrode Assembly) production.

Both CRM (critical raw material) reduced, and CRM free catalysts were prepared in appropriate
amount for preparing MEAs and delivered to respective partner for single cell testing.

On the front of CRM reduced catalyst, a double perovskite with formula Sr.MIrOs (M= Ca, Mg and
Zn) is prepared by partner CSIC as OER catalyst. Partner CENmat has synthesized supported noble
metal catalyst Ir@ATO and Pt@Mo.C as OER and HER catalysts, respectively.

Along with the CRM reduced catalysts, Ag metallic electrocatalyst and Ag dispersed on Ti-suboxides
catalyst is prepared by partner CNR as CRM free catalyst for OER and CSIC developed a MoS:
supported on carbon black pearls (BP) CRM free catalyst for HER.
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2 CRM reduced catalysts

2.1 Oxygen Evolution reaction (OER): Ir@ATO

has taken the approach of finely dispersing the Ir nanoparti-
cles on a support to increase the mass activity or Iridium, in turn reducing the amount of the Ir needed
for PEMWE. Support material chosen for this purpose is antimony doped tin oxide (Sb-SnO,) (ATO).

2.1.1 Synthesis and characterization

All the synthesis routes chosen are wet chemical synthesis routes for the ease of scalability. Two
major synthesis routed takes were direct reduction of Ir salt precursor on ATO nanoparticles and
deposition of Ir nano colloidal solution on ATO nano particles via stirring. Both the synthesis pro-
cesses are discussed in brief to give a clear understanding.

In direct reduction synthesis ATO nano powder was dispersed in an organic solvent ethanol with the
help of 15 mins of ultrasonication. A surfactant was dissolved in previously chosen organic solvent.
In the next step above stated dispersion and solution were mixed in a 3 necked round bottom flask
under inert atmosphere with the help of overhead stirrer or 30 min. Iridium precursor was then dis-
solved in the solvent and introduced into the above mixture and stirred for 3 h in inert atmosphere.
After 3 hours a reducing agent solution was introduced into the above mixture. After the introduction
of reducing agent, the mixture was left to stir for 4h. The mixture was left to sediment overnight. The
supernatant was removed, and the synthesized catalyst was thoroughly washed with ethanol and
water and collected with the help of centrifuge. After that the catalyst was dried overnight in a drying
over at 50 C. The yield of the process was found to be 85%. This synthesis process in simple and
inexpensive.

The target loading of the Ir on ATO particles in the described synthesis route were 10, 35 and 50
Wt.%.

In deposition synthesis route, IrCls.xH2O (Alfa Aesar) was weighted and dissolved in Ethylene glycol
vis sonication. In the next step more EG was added to the above solution and is degassed with argon
for one hour. In the next step the solution is heated in argon atmosphere at 145 °C for five hours and
left to cool down overnight. As prepared Ir nanoparticles colloidal solution is very stable and does
not precipitate ever after months. Going further ATO nano powder was dispersed in EG and soni-
cated for 30 mins. Ir colloidal solution was introduced into the ATO dispersion during sonication.
After that the mixture was left to stir for 70 h. Ir coated ATO nanoparticles were then thoroughly
washed with UP water and ethanol and dried in over overnight at 50 °C. The yield of the process is
found to be 50%. The target loading of the Ir on ATO particles in the described synthesis route was
10, 35 and 50 Wt.%.

Apart from the above-mentioned catalysts many different catalysts are prepared including the risk
mitigation catalyst called Ir nano. The catalyst prepared through deposition route has low yield and
the controlling the Ir loading on ATO seemed to be difficult, so this synthesis route has not been
explored more.

10
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Ir@ATO (35 Wt.%) prepared through reduction was thoroughly characterized for surface morphology
and elemental composition to understand how the Ir is dispersed on ATO nanoparticle and the dif-

ference between target and achieved Ir loading on ATO.

19,3

D\ J

6,9
46,8

mir mSb =mSn m O

‘ 2 " f .
EHT = 2000 kV Signal A=InLens  File Name = I@ATO-09.tf |
Mag = 10‘0010_(__ WD= 86 mm Dafe :11 May 2021 _lEKrlA

(a) (b)

Figure 2. (a) SEM image and (b) elemental composition of newly developed Ir@ATO - Re-
duction (35 Wt.%) catalyst

From the SEM image (figure 1a) we can see the microscopic morphological features of the newly
developed catalyst. The Ir dispersion on ATO looks to be in small nano agglomerate form resulting
in the less catalyst surface area. The elemental composition of the catalyst is determined through

EDX analysis.

Ir/O

Figure 3. Elemental mapping of the Ir@ATO - Reduction (35 Wt.%)

11
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As depicted in the (figure 1b) the average Ir content or loading on ATO is found to be 27 Wt.%. This
loading is less than the intended Ir loading of 35 Wt.%, meaning the precursor amounts have to be
tweaked to get to the desired Ir loading of 35 Wt.%.

Figure 2 shows the elemental mapping of the prepared catalyst. In this it is evident that the Ir is
agglomerated on ATO particles and not perfectly homogenously dispersed.

To understand better the active area available in the prepared catalyst for the catalysis BET surface
area was evaluated (figure 3). As we can see that even after visible agglomeration of Ir on ATO
nanoparticles, developed catalyst has better surface area than the commercial IrO..

surface area [m? g]
(2]
f=]
T
1

I-ATO Iro2

Figure 4. BET surface area of Ir@ATO - Reduction (35 Wt.%) and IrO2
2.1.2 Electrochemical characterization

Electrochemical measurements (cyclic voltammetry ;CV) and linear polarization were performed in
a three-electrode electrochemical cell. A reversible hydrogen electrode (RHE) and a high surface
area platinum wire were used as reference and counter electrodes, respectively. A rotating disk
electrode (RDE) with a 4 mm diameter glassy carbon electrode was used as working electrode. All
potentials in this article are given with respect to RHE and all the experiments are done at ambient
temperature and pressure. Catalytic inks were prepared by adding ultrapure water and isopropanol
(3:1) (v/v) and nafion ionomer as binding agents to the dry catalyst (Ir@ATO) to obtain the desired
suspension concentration. lonomer to catalyst ratio was kept 0.2. The catalyst suspension was soni-
cated for 20 min in a sonication bath to achieve a homogeneous dispersion. The temperature of the
bath was maintained at lower than 35 °C to avoid evaporation of solvent and agglomeration of the
catalyst NPs. Prior to every measurement, the Glassy carbon working electrode (0.1256 cm) was
polished with 0.3 ym and 0.05 um Al>O3 polishing suspension (Buhler AG) and thoroughly washed
with ultrapure water.

0.5M electrolyte solutions were prepared from diluting down 2.5M H>SO4 (VWR) with ultrapure water
(>18.2 MQ). Electrochemical measurements were performed using an Gamary potentiostat. After-
ward, the electrode was removed, dried, and coated with the catalyst ink by drop-casting and finally
dried under a low argon flow over inverted RDE shaft at 400-600 rpm to have a homogeneous

12
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catalyst layer. The total catalyst loading varied between 17-33 pug cm2. Electrolyte was bubbled with
Ar gas before the start of the measurement for 20 mins.

Electrochemical measurement protocol consists of three sequences, a cyclic voltammetry within the
voltage range 0.05-1.45 V, with a sweep rate 50 mV s for three cycles to eradicate the influence of
oxidation of impurities in oxidation current. In sequence LSVs were performed for three cycles within
the voltage range 0.7-1.7 V with scan rate of 10 mV s. The speed of rotation was 2500 rpm. All the
results shown are iR corrected.
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Figure 5. Area specific OER activity comparison on Ir Ox and newly developed catalyst

Figure 4 shows mass normalised LSV curve for the OER catalysts. In the figure above number (35
& 50) represent the intended loading of the catalyst on ATO nanoparticles. R represents reduction
synthesis route. As shown in figure the mass specific OER activity of the synthesized catalysts were
found to be better than that of IrO,. These results show that the amount of noble metal can be re-
duced without affecting the OER activity.

Single cell testing is going on at CENmat and FZJ to analyze the stability of as synthesized catalyst.

Ir@ATO - Reduction (35 and 50 Wt.%) was tested in single cell by FZJ. As we can see in the figure
5, we can see the polarization curve of IF@ATO - Reduction (50 Wt.%) and commercial IrOy that at
loading of 0.2 mgr cm™? and 2 mg,r cm™ respectively. As we can see that even after reducing the
catalyst loading 10 times the electrolyser performance remains approximately the same. Novel syn-
thesized catalyst reaches 2.22 Acm2current density at 1.9 V with 0.2 mg; cm2which surpasses the
project target of 2 Acmcurrent density at 0.25 mg,- cm loading.

13
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Figure 6. Polarization curve Ir@ATO - Reduction (50 Wt.%) and IrOx

Stability of the catalyst at low loading is of utmost concern. FZJ has performed the stability study of
novel synthesized catalyst Ir@ATO — Reduction (50 Wt.%) for 500 h at constant 2V. As we can see
in the figure 6 that the current density at 2V of the single cell electrolyser has rather increased instead
of decreasing, which indicated a good stability of the synthesized catalyst.

Single cell Performance
@ 2V (N117)

Current density / Acm™
>

2,7
2,65
2,6
0 250 500
Time/h

Figure 7. Current density of single cell electrolyser with Ir@ATO (50 wt.%) with 0.2 mgircm-
2 for 500h
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Since upscaling of the catalyst is a crucial part of the catalyst development, we have carefully chosen
the synthesis routes to be simple and easily reproducible from the beginning. Most promising devel-
oped catalysts (Ir@ATO — Reduction) are prepared in bathes of 5-6 g of and have the potential to
be up-scaled to be 15 grams catalyst per batch in our lab without any change in the material property.

2.2 Oxygen Evolution reaction (OER): Sr2CalrOs and YMnRuOy

Partner has taken the approach of preparing mixed oxides with reduced content of Ir and Ru.
By this method it is possible to reduce the loading of the Ir needed for PEMWE. CSIC has chosen
two mixed oxides to be tested in PEMWE:

By designing this catalyst CSIC is reducing the content of Ir from state-of-the-art Ir catalysts. This
oxide has been never tested for the OER, and CSIC has proven very high activity, and durability,
related to the formation of a very active surface, rich o Ir.

By designing this catalyst CSIC is reducing the content of Ru in ruthenium pyrochlores without com-
promising the catalytic activity. CSIC was able to reduce Ru content in Y2Ru.O by replacing half of
Ru cations by Mn. YRuMnO- has been never tested in acid media, and CSIC has proven a very
high activity, stability and durability.

2.2.1 Synthesis and physicochemical characterization

Synthesis

Both mixed oxides have been prepared by the Pechini method. After the preparation of the precur-
sors both samples were treated at high temperature in high pressure of oxygen to obtain the final
catalysts.

Crystallographic Structures

Figure 7 shows the Rietveld refinement of the crystal structures of Sr.CalrOg (double perovskite) and
Y.MnRuOy (pyrochlore) using XRD data. Also, the TEM images are shown, in which the particle size,
morphology, and structure are observed. The inset of the Figure depicts the schematic view of their
crystal structures.

15
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Figure 7. XRD and TEM of (a) Sr2CalrOs and (b) Y2MnRuOv catalysts

2.2.2 Electrochemical Characterization Study: Catalytic Performance

OER Activity
The OER catalytic activity was measured in 0.1 M HCIO4 by cyclic voltammetry (CV) between 1.2

and 1.7 V vs. RHE, at 10 and 50 mV/s. Several measurements with different batches of catalysts
have been performed to assess the reproducibility of the measurements.

Sr,CalrOs catalyst presents very high OER activity (Figure 8a), especially by considering that the
actual amount of Ir on the electrode is very low. For instance, Sr.CalrOs (ca. 4 pgi/CM2eiectrode)
achieves similar OER performance than IrOx-Ir (10.2 ugi/cm?2eiecirode), Which is one of the best OER
catalyst reported till date.[1] The mass activity obtained for the catalyst is 97 A/g @ 1.48 V, higher
than that of benchmark Ir catalysts. In the inset of Figure 2c the production of O, bubbles during the
reaction is clearly observed, starting around 1.4 V, which is a very low overpotential for Ir-based
catalysts.

Figure 8b shows the initial current density (iR corrected) obtained for YoMnRuO;. The potential
needed to attain 10 mA cm2 is of only 1.50 V, which is lower than that reported for other Ru pyro-
chlores with higher content of Ru. [2]

16
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Figure 8. Polarization curves for (a) Sr2CalrOs and (b) Y2MnRuO~7 in 0.1 M HCIO4 at 10
mV/s (c) Chronoamperometry of Sr2CalrOs during 4 hours at the potential where the cur-
rent density is ca. 10 mA cm. (d) Chronopotentiometry of Y2MnRuO~ during 40 hours at

the current density where the potential is 1.5 V.

OER Durability
Several experiments have been performed to evaluate the stability of the catalysts. Consecutive

OER cycles, chronoamperometry and chronopotentiometry measurements. Both catalysts are stable
during tests (Figures 8c and 8d). It was only observed a loss of activity on YoMnRuO- after 40 hours
at a constant current density where the potential was stable at 1.5 V for such time.

2.2.3 Post-mortem characterization

Both catalysts have been characterized after 2000 cycles of OER reaction. As shown in Figure 9,
the evolution of both catalysts with the OER is very different.

On the one hand, Sr,CalrOs, evolves during the reaction forming very open and active surface
phases rich in Ir. (See TEM, XAS and XAS results in Figure 9a). The phases formed are mainly
IrOOH phases with very active porous areas and holes.

On the other hand, the structure of Y-MnRuO> remains unaltered during the catalytic testing with no
visible changes in the morphology and composition of the cycled samples, indicating that the pyro-
chlore is stable, at least during 40 hours at high current densities.

17
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Figure 9. Post-mortem study of (a) Sr2CalrOs and (b) Y2MnRuO~7. TEM images before and
after OER cycles; XPS analysis before and after OER cycles; and EXAFS results before
and after OER cycles

2.2.4 MEA Characterization

Sr,CalrOs and YMnRuO7 were sent to DLR to be tested in MEA. Preliminary results on PEMWE
using Sr.CalrOs as the catalyst for the anode side have been already performed. Currently, meas-
urements of the stability and the Ir loading on the MEAs are being performed. Figure 10 shows the
Eceilj-characteristic up to 6 Acm2of the PEMWE cell using a MEA with Sr.CalrOg as anode catalyst.
The curve reveals a performance of 2.4 V at peak current density showing a totally linear slope and
with this not indicating any mass transport limitation. Comparing the cell performance of 2.09 V at 4
Acm? with the highest performances reported by other authors from prominent R&D institutes in
electrolysis up to now the new catalyst is able to compete. [3—6] Furthermore, looking at the perfor-
mance of commercial PEMWE from manufacturers such as Siemens, [7] Proton Onsite [8] and Hy-
drogenics [9], which achieve a potential of 2.2 V at 2 Acm, however, a current of 4.8 Acm can be
achieved with the newly developed catalyst Sr.CalrOs at the same potential in comparison. Addition-
ally, the EIS shown in the inset of Figure 5 explains the observed phenomena deeply. The Nyquist
plots of the PEMWE cell with Sr.CalrOs as anode catalyst at 0.25, 1 and 4 Acm? are plotted. As
described in previous work, an equivalent circuit was used as a basis to analyze the Nyquist spec-
tra.[10] In short, while the intersection of the first semicircle in the high-frequency range with the x-
axis can be determined as ohmic resistance, literature assign the high-frequency arc to different
phenomena. On the one hand it can be related to the hydrogen evolution reaction (HER)[11], the
charge transfer resistance coupled with double layer effects [9] or the first charge transfer of the two-
electron process of the oxygen evolution reaction (OER) [12]. The charge transfer of the OER rate

18
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determination step and the mass transport losses can be attributed to the medium and low frequency
semicircle, respectively [13].

The Nyquist plot at 0.25 Acm demonstrates one semicircle with a peak at a frequency of 54.99 Hz
and is therefore mainly caused by charge transfer resistances with respect to OER. The interception
with the x-axis account to an ohmic resistance of 118.4 mQcm?. Increasing the current density to 1
and 2 Acm possible mass transport effects become more superficial. Both curves reveal again one
semicircle which express the limitation by the OER kinetics as well as an ohmic resistance of 116.97
mQcm? can be observed. This neglectable reduction in ohmic resistance of 1.43 mQcm?2 compared
to the Nyquist spectra at 0.25 Acm can be explained by local heat generation at the interface of the
MPL and CL at higher current densities.

Finally, no mass transport limitation can be observed neither in the polarization curve by for instance
upwards bending of the curve[10], nor from the EIS since no semicircles in the low frequency range

occur. Therefore, the recorded electrochemical data is in good agreement to each other.
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Figure 10. Polarization curve of Sr2CalrOs in PEMWE cell at 80 °C and atm. pressure up to
6 Acm. The inset shows the Nyquist plots carried out at 0.25, 1 and 2 Acm? with an am-
plitude of 100, 500 and 1000 mA, respectively, from 100 mHz to 50 kHz.

2.3 Hydrogen Evolution Reaction (HER)

Partner is working on several catalysts for the HER with lower content of CRM. However, there
are still not selected candidates to measure in MEAs since following studies have to be performed.

is working in metallic phosphides, with different transition metals. Several phosphides are very
promising for the HER, and some will be soon selected to be measured on MEA.

Partner has prepared a very low loading Pt@Mo,C (5 wt.%) catalyst for facilitating hydrogen
evolution reaction. The catalyst was prepared via a wet chemical synthesis route for the ease of
scalability in the later stages of the project.

19



PROMETH2

D1.4: Report on the final selection of electrocatalysts to be delivered for stacks’ MEAS production.

2.3.1 Synthesis and characterization

In brief 5.72 g of Mo,C nano powder (commercial catalyst by CENmat) was dispersed in H,O (>18.2
MQ) with the help of ultrasonication. required amount of Pt precursor was then dissolved in water
(>18.2 MQ) via sonication of 15 mins and introduced into the above mixture in a three necked round
bottom flask and stirred for 1 h. After 1 hours a reducing agent was dissolved in DI water and
introduced into the above mixture. After the introduction of reducing agent, the mixture was left to
stir for 70h. The mixture was left to sediment overnight. The supernatant was removed, and the
synthesized catalyst was thoroughly washed with water and collected with the help of centrifuge.
After that the catalyst was dried overnight in a drying oven at 50 C. The yield of the process was
found to be 55%. Another risk mitigation catalyst Pt/C (5 wt.%) was synthesized the same way.
Developed catalyst were characterized for understand the morphology, composition surface area
and dispersion of Pt on Mo:C.

EHT = 20.00 kv Signal A=InLens  File Name = MoCa-01.tif
Mag= 10000KX WD=85mm Date :3 May 2021

(@) (b)

Figure 11. (a) SEM and (b) HAADF image with elemental mapping of Mo2C

1EK-14

As we can see in SEM image (figure 11a) that synthesized Mo,C has a nanowire morphology as
intended. However, these nanowires are bundled together. In HAADF (figure 11b) image we can see
that these nanowires are not ca single crystalline but are made up of small crystallites and have
nanopores in between them.
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Figure 12. (a) SEM image and (b) elemental composition of Pt@Mo2C (5 Wt.%)

In figure 12 (a) we can see that Pt has been deposited on the Mo,C. It is also notable that the Mo,C
nanowire morphology was not disturbed during the Pt deposition synthesis. With EDX (figure 12b)
we determined that the Pt loading on Mo,C was 5.7 %, a little more than intended.

To understand the dispersion of Pt on Mo.C, TEM of the developed catalyst was dome. As we can
see in the figure 13a that the Pt nanoparticles are not homogeneously dispersed but are severely
agglomerated. BET surface area of the developed catalyst also 15% that of the available commercial
Pt@C (20 Wt.%), which shows that the active area for catalysis is significantly less than that or Pt@C
(fig. 13b).

surface area [m? g']
[=1]
3

13.3
10 ] -
0

Pt-Mo PtC

(@) (b)

Figure 13. (a)HAADF image and (b) BET surface of Pt@Mo2C (5 Wt.%)

21



PROMETH2

D1.4: Report on the final selection of electrocatalysts to be delivered for stacks’ MEAS production.

2.3.2 Electrochemical characterization

Electrochemical measurements (cyclic voltammetry (CV) and linear polarization were performed in
a three-electrode electrochemical cell. All the experimental details, equipment and environment re-
main the same as our OER catalyst except the ionomer to catalyst ratio 0.33 and loading of catalyst
was 80 and 10 ug cm2for Pt@C (40 wt.%) and Pt@ Mo-C (5 wt.%). HER activity was evaluated by
performing linear sweep voltammetry between 0.01V and -0.2V.
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Figure 14. (a) Area specific and (b) mass specific OER activity comparison on commercial
Pt@C (40 wt.%), used support Mo2C and newly developed Pt@Mo2C (5 wt.%) catalyst

Figure 14(a) and 14(b) shows area (geometric) and mass normalised LSV curve for the HER cata-
lysts. As can be seen in figure 14(a) area specific current density newly developed Pt@ Mo:C (5
wt.%) has been found to have comparable HER activity to commercial Pt@C (40 wt.%) at 10mA cm-
2. The mass specific HER activity as shown in figure 14(b) of the synthesized Pt@ Mo.C (5 wt.%)
was found to be better than that of commercial Pt@C (40 wt.%) and lower mass normalised current
densities, however, lag the commercial Pt@C (40 wt.%) at higher current densities. These results
show that the amount of noble metal can be reduced without affecting the HER activity in RDE
measurements. Long term testing is going on at CENmat to analyze the stability of as synthesized
catalyst.

3g of Pt@ Mo2C (5 wt.%) and 1.5g Mo.C of catalyst was sent to FZJ in Mar’21 for testing the catalyst
in a single cell.

Single cell testing is performed by FZJ (figurel5). For Mo.C the polarization curve could not be
obtained. The exact reason is not very clear, but the interaction of material with the membrane may
be a possible reason.
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Figure 15. Polarization curve of Pt@Mo2C (5 Wt.%), and Pt@C

As we can see that the commercial Pt@C has much better performance than the newly developed
catalyst. The deficient performance could be attributed to inhomogeneous dispersion of Pt on Mo,C
and the reduced surface area of the Pt@Mo,C. New synthesis routes are being discovered to dis-

perse the Pt in a homogeneous way on Mo.C. CENmat is preparing Pt/C (40 wt.%) for further pur-
poses and testing.

On the front of upscaling, Mo,C can be synthesized in 12g batches and Pt@Mo-,C catalyst can be
synthesized in batches of 5g.
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3 CRM free Catalysts

3.1 Oxygen Evolution Reaction (OER)

Partner is working on the CRM free catalyst. AQmetalic
dispersed on Ti-suboxides catalyst was synthesized by a solid-state procedure starting from AgNOs
(Carlo Erba) precursor and a titanium suboxides (TinO2zn-1) powder.

3.1.1 Synthesis and Physicochemical Characterization

Titanium suboxides (TinO2n-1) ceramic powders were prepared from a commercial titanium (IV) chlo-
ride solution (TiCls, Aldrich) by complexation of Tiions and successive decomposition of the complex
to form an amorphous oxide. A high temperature reduction (1050°C) of the amorphous oxide was
carried out by using diluted hydrogen. The reagents (AgNO; and titanium suboxides) were mechan-
ically mixed in the molar ratio of 1:2.3 in a porcelain mortar and were ball milled in a planetary mill
for 12 h/300 rpm in order to obtain Ag/Ti-suboxide (Fig. 16a). This Ag/Ti-suboxide was subjected to
a thermal treatment (300°C/1h with 50% H./Ar) in order to improve the stability of silver by alloying
it with the Ti-suboxides (Fig. 16b).

counts/s

(b)
Ag/Ti-suboxide milled (30:70) thermal treated 300°C 50% H,-He

(a)

Ag/Ti-suboxide milled (30:70)

20 30 40 50 60 70 80 90 100
"2Theta

Figure 16. X-ray diffraction patterns of Ag/Ti-suboxide (a), Ag/Ti-suboxide after thermal
treated (b)

3.1.2 Electrochemical characterization: Half cell

A preliminary screening was carried out with the nonprecious anode electrocatalyst in half cell. Com-
position and characteristic of the non CRM (according to 2017 EU classification) anode electrocata-
lyst tested in half cell are reported in Table 1.

24



PROMETH2

D1.4: Report on the final selection of electrocatalysts to be delivered for stacks’ MEAs production.

Ball milling cata.lySt mA cm2@1.8V | Vvs. | Overpotential
Zirconia loading/ vs. RHE RHE mV vs. RHE
grinding bowl mg/cmz (IR-free) (Ir-free) (Ir-free)
(Ti mesh Electrode)

Ag/TiSuboxides (1:2.3) milled 12 h/300 RPM 0.5 5.7 4.2 1.97 490 mV 25

@9.5mAcm? @9.5mAcm™2

2.2
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Figure 17. OER activity in acidic electrolyte of Ag/Ti-suboxide electrocatalyst

3.1.3 Electrochemical characterization: Single cell

3.1.3.1 Preparation of the membrane-electrode assembly (MEA)

A slurry composed of 80 wt.% catalyst and 20 wt. % Nafion ionomer (5 wt.% lon Power solution) in
deionised water and anhydrous absolute ethanol alcohol (Carlo Erba) was prepared by mixing under
ultrasounds. The slurry was directly deposited by using a spray coating technique onto a Titanium
fiber mesh, 300 um thick, characterized by about 70 % porosity. A benchmark 30% Pt/Vulcan cata-
lysts was used as the catalyst for the H, evolution. The cathode catalyst was spread onto carbon
cloth backing (GDL HT carbon, 300 um thick carbon cloth) with a Pt loading of 0.5 mg-cm™. The
ionomer content in the cathode layer was 33 wt. % after drying. A Nafion 212 membrane was used
for the test in single cell. The MEA, with 5 cm? geometrical area, was prepared by a hot-pressing
procedure by lamination at 130 °C for 2 min.

Composition and characteristic of the non CRM (according to 2017 EU classification) anode electro-
catalyst tested in single cell are reported in Table 2

12.0 <0.3 % in 1000 h test
Ag/Ti-suboxide milled (30:70) -300°C/H,-He (20% NAFION) 30% Pt/C (33% Naron) 0.6 A-cm?
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3.1.3.2 Electrochemical characterization

The 5 cm? PEM single cell electrolyser performance was evaluated at 80 °C and under atmospheric
pressure. Deionised water was pre-heated at the same cell temperature and supplied by a pump, at
a flow rate of 4 ml-min’, to the anode compartment. Polarization curves (cell potential as a function
of current density) and electrochemical impedance spectroscopy (EIS) were carried out by a
PGSTAT Autolab 302 Potentiostat/Galvanostat equipped with a booster of 20 A (Metrohm) and a
Frequency Response Analyser (FRA). The EIS measurements were performed under potentiostatic
control in a frequency range between 20 kHz and 0.1 Hz by frequency sweeping in the single sine
mode. The amplitude of the sinusoidal excitation signal was 0.01 V r.m.s. The series resistance was
determined from the high frequency intercept on the real axis in the Nyquist plot.
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Figure 18. Polarization curve for selected non CRM (according to 2017 EU classification)
anode electrocatalysts based MEA
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Figure 19. IR-free Polarization curve for selected non CRM anode electrocatalyst based
MEA
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The Ag/Ti-suboxide catalyst milled (30-70) thermal reduced at in H.-He showed IR-free single cell
performance 200 mV far from the project target (2 V vs. 1.8 V at 0.6 A-cm™?). In order to improve the
catalytic activity of the thermal treated of the Ag/Ti-suboxide catalyst milled (30-70), strategies of
optimization and investigation will be planned, as for example increase the amount of H; flow during

the heat treatment.
2

80°C

-2" / ohm-cm?
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Figure 20.8 EIS for selected non CRM (according to 2017 EU classification) anode electro-
catalyst based MEA at 1.8 V and 80°C

Long term stability (1000 h) was appropriate for the Ag/Ti-suboxide electrocatalyst; however, cell
voltage is much higher compared to conventional CRM anode based MEAs despite the significantly
larger catalyst loadings. For the Ag/Ti-suboxide (30:70) thermal reduced in H,-He with 20% of iono-
mer based MEA the voltage efficiency increase by time with a a degradation rate of 10 uV/h by
removing the first 10 h conditioning period, that correspond to < 0.3 % in 1000 h (project target: <
1% in 1000 h for the anode CRM free catalyst).
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Figure 21. Chrono-potentiometric test at 0.6 A-cm and 80 °C for selected non CRM (ac-
cording to 2017 EU classification) anode electrocatalyst based MEA
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3.2 Hydrogen Evolution Reaction (HER)

CSIC has prepared MoS; dispersed onto an active carbon (Black Pearls), as CRM-free electrocata-
lyst for the hydrogen evolution reaction.

3.2.1 Synthesis and Physicochemical Characterization

MoS. dispersed on black pearls (MoS,/BP) was prepared through a solvothermal synthesis route
with rather easy scalability. CSIC has started with the synthesis of MoS. supported on different car-
bon structures.

The characterization of MoS,/BP has been performed. First of all, x-ray diffraction was used to de-
termine the crystal structure of the sulphide. The crystallinity of the sulphide is too low to allow a
proper structural study (Figure 22a, left). TEM was also performed to analyze composition and mor-
phology. An atomic ratio of Mo:S 1:2 was determined, in good agreement with the composition ex-
pected for MoS,. The morphology of the catalyst is a very disordered layered material (Figure 22a,

right).
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Figure 22. (a) Physicochemical Characterization of MoS2/BP. (b) Electrochemical Charac-
terization for the HER using MoS2/BP

3.2.2 Electrochemical Performance

OER Activity
Catalyst conditioning was performed in Ar-saturated electrolytes by recording cyclic voltammograms

at scan rate 50 mV/s between 0.05 and 0.45 V (vs. RHE) in 0.5 M H,SO.. For the HER measure-
ments the electrolyte is saturated with H, and cyclic voltammograms are recorded at 5 mV/s and
1600 rpm in a window potential between -0.05 and -0.4 V.

28



O

& PROMETH?

D1.4: Report on the final selection of electrocatalysts to be delivered for stacks’ MEAS production.

The HER measurements have been performed with MoS; synthetized at CSIC and commercial MoS;
both with and without BP. The HER activities were compared with 20%Pt/C. Figure 22b, left, shows
the HER activities. The addition of BP shows an improvement of the catalytic activity of both CSIC’s
and commercial MoS,. The HER activity of the MoS; synthesized at CSIC has a much better perfor-
mance. This can be explained by considering that CSIC’s MoS; is less crystalline and probably ex-
posing a higher fraction of active sites. In fact, the activity of CSIC’'s MoS,/BP (overpotential of 148
mV vs. RHE at 10 mA/cm?) is one of the best HER activities reported so far for a molybdenum
sulphide catalysts [14-16].

OER Durability
Durability of MoS»/BP was tested in an RDE configuration by recording 50000 consecutive cycles

between -0.2 V and 0.2 V (inset Figure 5b, right). As it can be seen in Figure 5b right, the activity of
MoS./BP remains stable after 50000 cycles under such conditions.

3.2.3 PEM Electrolyzer testing

2g of MoS2/BP were sent to Forschungszentrum Julich (FZJ) on October 2020 to be tested on single
cell electrolyzer. The MEAs have being tested at different loadings. MoS./BP MEAs results tested
by FZJ are included in the Deliverable D1.2.

Non-PGM materials provide a cost-effective alternative to replace PGM catalysts. MoS, was used
as the HER catalysts to replace Pt in the cathode side. The ink made from MoS; contains n-propanol
and water at less than 0.5% by weight, as this is most effective for stabilization, and was then soni-
cated in ice bath for at least 30 minutes. The MoS2/BP ink was sprayed directly onto the Nafion N117
membrane to verify the required loading and performance of this PGM-free catalyst. Figure 23 shows
that the performance of MEA with MoS,/BP (anode: 2.2 mgi cm2) cannot compete with the perfor-
mance of MEA with low PGM loading (0.2 mgir cm & 0.05 mge: cm2) and also increasing the loading
of MoS; resulted in the same performance.
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Figure 23. Performance screening for the MoS2/BP catalyst with two different loadings on
a Nafion N117 membrane

Comparison of our results (Figure 24a) with the literature (Figure 24b) shows similar performance.
The performance from our study showed a current density of 0.17 A cm™ at 1.8 V while the MEA
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presented by Corrales-Sanchez et al.[17] in 2014, obtained a current density of 0.18 A cm™ at 1.8V.
They obtained a constant current density of ca. 0.35 A cm™ at 2V, after a continuous operation of 15

h. Our study obtained a current density of 0.71 A cm after 10 polarization curves (forward & re-
verse).
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Figure 24. Comparison of the results of this study with results from Corrales-Sanchez et
al.[17] indicating a similar trend of performance

30



PROMETH2

D1.4: Report on the final selection of electrocatalysts to be delivered for stacks’ MEAs production.

4 Comparison of developed catalysts

One of overall goals of this project is the development and production of advanced catalysts based
on reduced PGM loading and CRM-free anodes and cathodes to replace or drastically reduce the
critical raw materials content of anode and cathode catalyst layers in PEMWE while maintaining
good performance and durability. A comparison of developed catalysts to date is reported in the
following.

Composition and characteristics of the anode and cathode electrocatalysts tested in single cell are
reported in Table 3.

Table 3. Anode and cathode electrocatalysts assessed in single cell. The formulations developed in

the project are highlighted in bold.

. . 12.0 . 0.5
Ag/TI-Su bOXIde (30-70) (20% NAFION) N212 30% Pt/C (33% Nafion)
22 0.8
Ir0, (25% NAFION) N117 MosS, (25% Nafion)
0.2 ) 0.8
Ir-ATO 50wt.% (20% NAFION) N1 60% P/ (20% Nafion)

Partner CSIC and CENmat are working on several catalysts for the HER with low content of CRMs.
However, no candidates have been yet selected to be assessed in MEASs.
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Figure 26. IR-free Polarization curves for MEAs based on selected electrocatalysts

IR-free single cell performance of CRM free anode based MEA (red points) resulted 200 mV far from
the project target (2 V vs. 1.8 V at 0.6 A-cm). In order to improve the catalytic activity of the CRM
free anode catalyst, strategies of optimization and investigation are planned, as for example modifi-
cation of the thermal treatment etc. Regarding the IR-free single cell performance of reduced CRM
anode based MEA (green points), it was recorded 2.83 A-cm2at 1.55 V (project target: > 2 A-cm?
at 1.8 V).
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Figure 27.9 EIS at 1.8 V and 80°C for MEAs based on selected electrocatalysts

Impedance results show the very low polarisation resistance of the reduced CRM anode electrocat-
alyst based MEA. Whereas polarisation resistance is very large for the CRM materials; the series

resistance is very similar indicating that the membrane contribution is similar in all these experiments.
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Figure 28. Chrono-potentiometric test at 0.6 A-cm and 80 °C for MEA based on selected
non CRM (according to 2017 EU classification) anode electrocatalyst (red curve) and
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chrono-galvanometric test at 2 V and 80 °C for selected MEA based on reduced CRM an-
ode electrocatalyst (green curve)

Long term stability (1000 h) was appropriate for the CRM free Anode based MEA; however, cell
voltage is much higher compared to conventional CRM anode based MEAs despite the significantly
larger catalyst loadings. The voltage efficiency increases by time with a degradation rate of 10 pv/h
by removing the first 10 h conditioning period, that correspond to < 0.3 % in 1000 h (project target:
< 1% in 1000 h for the anode CRM free catalyst). Whereas for the long term stability (500 h) test on
the CRM reduced Anode based MEA, the current density decreases by time with a degradation rate
of 57 pA-cm?/h by removing the first 10 h conditioning period.

In conclusion single cell tests based on the developed catalysts have indicated that the perfor-
mance of non-CRM (according to 2017 EU classification) anode catalyst was significantly lower than
the benchmark IrOx catalyst despite the much larger catalyst loading (12 vs conventional 2-3 mg-cm-
2

).

Despite the much lower voltage efficiency of non-CRM catalysts (according to 2017 EU classifica-
tion) vs. conventional CRM anode catalysts, a relatively good stability was observed.

Significant improvements are needed for non-CRM (according to 2017 EU classification) anode cat-
alysts before these can become competitive with respect to reduced CRM loading anode electrocat-
alysts.

Regarding the stability, the CRM free anode showed a lower degradation rate compared to the re-
duced CRM anode based MEA but this could be just related to the different operating current density.
It is well know that increasing the operating turnover frequency (higher current density and lower
active phase catalyst loading), there is a corresponding increase of the degradation rate [18].
Considering the relevant difference in voltage efficiency, the reduced PGM content anode catalyst
is selected for the final stack testing. This will be combined to a conventional PGM cathode contain-
ing moderate Pt loading (0.1 mg cm2) and PFSA membrane.
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