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Abbreviations and Indices 

  

Abbreviation Explanation 

OER Oxygen Evolution Reaction  

BET Brunnauer Emmet Teller 

XRD X-Ray Diffraction  

SEM Scanning Electron Microscopy 

EDX Energy Dispersive X-ray Analysis 

TEM Transmission Electron Microscopy 

RDE Rotating Disk Electrode 

GC Glassy Carbon  

GCE Glassy Carbon Electrode 

ATO Antimony Tin Oxide 

MA Mass Activity 

MEA Membrane Electrode Assembly 

HER Hydrogen Evolution Reaction 
 
 

1 Summary 

 
The aim of this deliverable is to summarize and report the results and conclusions from the char-
acterization and evaluation of the anode electrocatalysts developed under Work Package 3. 
These results provide also a reliable feedback to Work Package 2 for possible amendments in 
the originally set specifications. The methods of characterization techniques followed are related 
to the evaluation of the catalytic efficiency for the oxygen evolution reaction (OER) in terms of 
activity and stability of the tested materials. Furthermore, physicochemical characterization has 
been performed in order to extract information regarding the structure, morphology and proper-
ties of the fresh electrocatalysts, using various techniques such as BET, XRD, SEM/EDX and 
TEM analysis.  

 

2 Results of the anode electrocatalyst characterization 

2.1 Electrochemical characterization of anode electrocatalysts 

The electrochemical characterization of the anode electrocatalysts (prepared by IBERCAT based 
on commercial and ARMINES supports, under WP3) was performed in a typical 3-cell electrode 
configuration using a rotating disk electrode (RDE) as working electrode and 0.05 M H2SO4 as 
electrolyte at room temperature (25 °C). Glassy carbon (GC, 3mm diameter) was used as work-
ing electrode tip having 0.07065 cm2 geometric surface area. Ag/AgCl (3 M KCl) and platinum 
(Pt) rod were used as reference and counter electrodes, respectively. During the testing proce-
dure 150 cm3 min-1 helium (He) was flowing through the electrolyte solution for sufficient deaera-
tion of the solution. Electrochemical characterization was performed with a constant rotation 
speed of 1600 rpm. The electrocatalysts were casted on the polished surface of the GC elec-
trode (GCE) in the form of a thin layer. The catalyst thin layer was deposited by means of a cata-
lyst ink consisting proper amounts of the electrocatalyst, 5 % wt. Nafion solution and water or 
ethanol. Various concentrations and combinations of the above ink were prepared and the elec-
trocatalyst in the form of a thin layer was electrochemically characterized. The results showed 
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that the most homogeneous ink and the best performance was achieved using the following for-
mulation: 5 mg electrocatalyst, 0.125 ml 5 % wt. Nafion solution and 0.625 ml water. The catalyst 
powder was milled before ink preparation. The ink was sonicated for 1.5 h and then 0.64 μL were 
casted (dropwise) onto the GCE resulting in a catalyst loading of 60 μg cm-2. Performance in 
terms of activity and stability were evaluated using a potentiostat/galvanostat Autolab 
PGSTAT302N combined with a frequency response analyzer (FRA32M). Initially, cyclic voltam-
metry measurements were performed for the electrochemical oxidation of iridium nanoparticles 
and studying of the electrochemical activity of the catalysts. Then, materials’ stability was evalu-
ated through potentiometry by applying constant current density 1 mA cm-2 for 15 h. Details on 
the testing protocols and the conditions during the measurements are given in Deliverable Report 
D2.2. 
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Figure 1. Anodic polarization curves-RDE measurements of the 1st batch of electrocatalysts 
synthesized by IBERCAT-ARMINES in comparison with the commercial IrO2 electrocatalyst in 
0.05M H2SO4 electrolyte solution at 25 °C. Scan rate=5 mV s-1; FHe=150 cc min-1

. 

 
The Oxygen Evolution Reaction (OER) polarization curves of the first batch of electrocatalysts 
prepared by IBERCAT-ARMINES using various synthesis methods and concentration of iridium 
in comparison with the commercial IrO2 are shown in Error! Reference source not found. 1. It is 
obvious that almost all synthesized materials exhibit higher activity compared to the commercial 
IrO2 electrocatalyst. Among all the materials tested, the highest activity for V>1.6 V was shown 
for the 30 % Ir on commercial ATO (Sigma Aldrich) electrocatalyst, synthesized following the 
Lettenmeier method1,2, while 30 % Ir on commercial ATO (SA) synthesized with the polyol meth-
od showed the poorest activity. Electrocatalysts containing 30 % and 70 % Ir on ATO produced 
by ARMINES and 70 % Ir on commercial ATO show similar behaviour in terms of electrocatalytic 
activity during the oxygen evolution reaction (OER), while all materials were produced following 
the Lettenmeier method.  
Stability tests of the electrocatalysts synthesized, under galvanostatic operation at a constant 
current density of 1 mA cm-2 for 15 h continuous operation, showed that the stability of electro-
catalysts is very sensitive to the synthesis method, with remarkable differences among various 
samples (degradation time varies from few minutes to several hours). The highest stability 

                                                      
 
1 P. Lettenmeier, L. Wang, U. Golla-Schindler, P. Gazdzicki, N.A. Cañas, M. Handl, R. Hiesgen, S.S. Hosseiny, A.S. 

Gago, K.A. Friedrich, Angew. Chemie. 55 (2016) 742–746. doi:10.1002/ange.201507626. 
2 P. Lettenmeier, J. Majchel, L. Wang, V.A. SAVELEVA, S. Zafeiratos, E.R. Savinova, J.-J.J.-J. Gallet, F. Bournel, A.S. 

Gago, K.A. Friedrich, Chem. Sci. 9 (2018) 3570–3579. doi:10.1039/C8SC00555A. 
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reached for the materials synthesized with the Lettenmeier method. Table 1 shows the time at 
which performance of the materials started to degrade (onset of potential increase). 

Table 1. Starting time of degradation for the 1st batch of materials tested under chronopotenti-
ometry measurements 

a/a Sample 
Starting time of 
degradation / min 

1 IrO2 commercial 37 

2 30% Ir/ATO (SA) (Lettenmeier method) 264 

3 30% Ir/ATO (SA) (Goodenough-Smotkin method) 20 

4 30% Ir/ATO (SA) (Goodenough-Smotkin method, dif. Ir precursor) 17 

5 70% Ir/ATO (SA) (Lettenmeier method) 180 

6 30% Ir/ATO (SA) (Polyol method) 7 

7 30% Ir/ATO (ARMINES) (Lettenmeier method) 162 

8 70% Ir/ATO (ARMINES) (Lettenmeier method) 417 

 
 
The above results clearly showed that the best performance both in terms of activity and stability 
was achieved with the electrocatalysts synthesized with the Lettenmeier method3,4. Therefore, 
this method was chosen for the synthesis of the next generation of materials, in the course of the 
project. 
 
 
Based on the above results, a second batch of materials was synthesized by IBERCAT-
ARMINES following the Lettenmeier method. The OER polarization curves, current density as a 
function of applied potential recorded are shown in  
Figure 2. All curves lie between IrO2 (which exhibit the lowest activity) and Ir black (highest activi-
ty), both in terms of onset potential for oxygen evolution and current density at a specific potential 
(e.g. 1.6 V). Interestingly, the material 30% Ir / ATO (SA) demonstrates very high activity, almost 
comparable to Ir black. It should be, however, noted that the activity in terms of current density 
(mA/cm2) does not take into account the fact that the amount of active material (Ir) is not the 
same for all samples, since the percentage of Ir varies from 30% to 70% for the ATO supported 
materials and 100% for Ir black and IrO2. Therefore, the activity is also presented as the appar-
ent mass activity (MA), current value per mass of iridium loaded on the electrode, as the overall 
target is the reduction of precious metal (Ir) used. Clearly, the synthesized electrocatalysts, in-
cluding iridium black, show much higher MAs compared to the commercial IrO2 electrocatalyst, 
which could even reach a 10-fold enhancement for the best performing material (30 % Ir/ATO 
(SA)). The activities of all materials tested vs iridium loading follow the sequence: 30 % Ir/ATO 
(SA) > 30% Ir/ATO (ARMINES) > 70 % Ir/ATO (ARMINES) = 70 % Ir/ATO (SA) = Ir black > IrO2. 
Stability tests of the 2nd batch of electrocatalysts synthesized based on the Lettenmeier method 
under galvanostatic operation at 1 mA cm-2 for 15 h continuous operation showed that most of 
the synthesized materials do not exhibit stability issues, within the test timeframe (15 h). All sta-
bility measurements repeated for at least three times. Based on the above results, in terms of 
stability and activity, it is obvious that the best performing materials are 30 % Ir/ATO (SA) and 30 
% Ir/ATO (ARMINES). 
 

                                                      
 
3 P. Lettenmeier, L. Wang, U. Golla-Schindler, P. Gazdzicki, N.A. Cañas, M. Handl, R. Hiesgen, S.S. Hosseiny, A.S. 

Gago, K.A. Friedrich, Angew. Chemie. 55 (2016) 742–746. doi:10.1002/ange.201507626. 
4 P. Lettenmeier, J. Majchel, L. Wang, V.A. SAVELEVA, S. Zafeiratos, E.R. Savinova, J.-J.J.-J. Gallet, F. Bournel, A.S. 

Gago, K.A. Friedrich, Chem. Sci. 9 (2018) 3570–3579. doi:10.1039/C8SC00555A. 
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Figure 2. OER polarization curves of the 2nd batch of electrocatalysts synthesized by IBERCAT-
ARMINES in comparison with the commercial IrO2 electrocatalyst in 0.05 M H2SO4 electrolyte 
solution at 25 °C. Scan rate=5 mV s-1; FHe=150 cc min-1. The activity is shown as (a) current 
density, and (b) the apparent mass activity of Ir loaded on the GC substrate 
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Figure 3. OER polarization curves of the 3rd batch of electrocatalysts synthesized by IBERCAT-
ARMINES in 0.05 M H2SO4 electrolyte solution at 25 °C. Scan rate=5 mV s-1; FHe=150 cc min-1.  

 
 
A third batch of materials was synthesized by IBERCAT/ARMINES and were characterized by 
CERTH. The materials were produced at larger quantities in order to be utilized for the small-
scale MEAs (2x2 cm2 and 5x5 cm2) MEAs preparation and testing. Figure 3 shows the polariza-
tion curves recorded during testing of the electrocatalytic activity for the oxygen evolution reac-
tion (OER), in terms οf apparent mass activity. Based on the results, the best performing material 
was the catalyst containing 30% Ir on ATO (SA), while the worst behavior was shown for electro-
catalyst containing 30% Ir on ATO (ARMINES), in agreement with the observations for Batch 2 
materials. This implies a consistency (qualitative and to a large extent also quantitative) between 
the small and larger scale synthesis of electrocatalysts. Stability testing was completed for this 
batch of materials, results are presented in Table 2.  

 

Table 2. Starting time of degradation for the 3rd batch of materials tested under chronopotenti-
ometry measurements 

a/a Sample 
Starting time of 
degradation / min 

1 70% Ir/ATO (ARMINES) 200 

2 30% Ir/ATO (SA) 550 

3 30% Ir/ATO (ARMINES) 35 

 
Stability testing was performed under the same procedure described above. Based on the re-
sults, the most stable material for the specific conditions was the electrocatalyst containing 30 % 
Ir on commercial ATO, while the worst performance in terms of stability was recorded using 30 % 
Ir on ATO (ARMINES). The results of 3rd batch of materials testing come in close agreement to 
the previous ones, with slight differences regarding stability testing. These results can be com-
bined with the physicochemical properties of the materials, for a more integrated understanding 
of the electrocatalytic activity.   
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2.2  Physicochemical characterization of anode electrocatalysts 

 
Physicochemical characterization at CERTH has been completed for the entire range of Ir/ATO 
electrocatalysts prepared by IBERCAT (1st, 2nd, 3rd and 4th batch), regarding BET, XRD, 
SEM/EDX and TEM analysis. In general, EDX showed significant deviations between the exper-
imentally determined iridium percentage and the nominal value for most of the samples, espe-
cially for the first batches. SEM images show a wide particle size distribution. XRD analysis has 
also been completed and the results are shown in Figures 4-5. 
The specific surface areas and pore volume of catalysts were measured with BET method in an 
Autosorb-1, Quantachrome instrument, while the calculation of total surface area and pore size 
was made using the Barrett, Joiner and Halenda (BJH) method. The morphology, particles’ size, 
and microstructure of the metal oxides were studied with Electron Microscopy. TEM images were 
obtained on a JEOL JEM 2010 High Resolution Transmission Electron Microscopy coupled with 
Oxford INCA X-ray EDS, and SEM micrographs were obtained with a JEOL 6300 Scanning Elec-
tron Microscopy equipped with Oxford ISIS 2000 X-ray EDS, for elemental analysis and surface 
mapping of the catalyst surface.  
BET measurements showed that most of the catalysts of the first batch have high surface areas, 
compared to the commercial IrO2 electrocatalyst (Table 3). The material with the highest surface 
area is 30 % Ir/ATO synthesized with the Lettenmeier method5,6.  
 
Table 3 shows the results of the BET analysis for the first batch of materials. The materials syn-
thesized reveal high surface areas, and higher compared to the commercial IrO2. Furthermore, 
the synthesis method has a weak effect on surface area, especially for high loading. It is also 
worth noting that the increased Ir as also confirmed by TEM images shown below (Figure 6), 
which may result in blocking part of the porosity of the support (which is around 80 m2 g-1 for the 
ATO synthesized by ARMINES and 47 m2 g-1 for the commercial one), thus decreasing the spe-
cific surface area.. 
 
Table 3. Results of the BET analysis for the first batch of catalysts and commercial IrO2 

Catalyst Surface area 
m2 g-1 

Pore volume 
cm3 g-1 

Pore size 
Å 

IrO2 commercial 32 0.13 162 

30% Ir/ATO (SA) (Lettenmeier method) 31 0.23 294 

30% Ir/ATO (SA) (Goodenough-Smotkin method) 45 0.17 148 

30% Ir/ATO (SA) (Goodenough-Smotkin method, dif. Ir 
prec) 

47 0.15 132 

70% Ir/ATO (SA) (Lettenmeier method) 72 0.078 43 

30% Ir/ATO (SA) (Polyol method) 42 0.11 103 

30% Ir/ATO (ARMINES) (Lettenmeier method) 75 0.19 100 

70% Ir/ATO (ARMINES) (Lettenmeier method) 4 1.27 - 

 
Tables 4-6 show the results of BET analysis for the 3 next batches of materials prepared by 
IBERCAT/ARMINES and sent to CERTH. For all materials of the 2nd batch prepared following the 
Lettenmeier method, Ir black shows a significant difference of the surface area properties com-
pared to the other materials. Results of the last two batches are very similar, showing that the 
materials have a strong possibility of reproducibility, while having the same structural properties. 
Results come in close agreement to the electrochemical RDE measurements (Figures 2-3), 
showing the effect of higher surface area to the enhancement of the electrocatalytic activity. 
 
 

                                                      
 
5 P. Lettenmeier, L. Wang, U. Golla-Schindler, P. Gazdzicki, N.A. Cañas, M. Handl, R. Hiesgen, S.S. Hosseiny, A.S. 

Gago, K.A. Friedrich, Angew. Chemie. 55 (2016) 742–746. doi:10.1002/ange.201507626. 
6 P. Lettenmeier, J. Majchel, L. Wang, V.A. SAVELEVA, S. Zafeiratos, E.R. Savinova, J.-J.J.-J. Gallet, F. Bournel, A.S. 

Gago, K.A. Friedrich, Chem. Sci. 9 (2018) 3570–3579. doi:10.1039/C8SC00555A. 
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Table 4. Results of the BET analysis for the second batch of catalysts, prepared following the 
Lettenmeier method 

Catalyst Surface area 
m2 g-1 

Pore volume 
cm3 g-1 

Pore size 
Å 

30% Ir/ATO (SA) 60 0.180 122 

30% Ir/ATO (ARMINES) 77 0.179 94 

70% Ir/ATO (SA) 50 0.214 171 

70% Ir/ATO (ARMINES) 51 0.189 149 

Ir black 86 0.226 106 

 
 
Table 5. Results of the BET analysis for the third batch of catalysts, prepared following the Let-
tenmeier method 

Catalyst Surface area 
m2 g-1 

Pore volume 
cm3 g-1 

Pore size 
Å 

70% Ir / ATO (ARMINES) 61.3 0.29 190 

30% Ir/ ATO (ARMINES) 48.5 0.5 408 

30% Ir/ATO (SA)  58.2 0.25 172 

 
 
Table 6. Results of the BET analysis for the fourth batch of catalysts, prepared following the 
Lettenmeier method 

Catalyst Surface area 
m2 g-1 

Pore volume 
cm3 g-1 

Pore size 
Å 

30% Ir/ ATO (SA) 58.95 0.6 410 

30% Ir / ATO (ARMINES) 49.82 0.22 181 

70% Ir / ATO (ARMINES) 60.94 0.46 302 

 
 
XRD patterns of the synthesized electrocatalysts are presented in Figures 4-5. The diffraction 
peaks at around 2θ = 26.6°, 33.9°, and 51.8° are indexed to the (110), (101), and (211) planes of 
the tetragonal rutile-type SnO2 structure (JCPDS card no. 21-1250). The iridium diffraction peak 
at 40.6° was indexed to the (111) reflection of the fcc Ir metal (JCPDS card no. 87-0715), indicat-
ing the formation of crystalline Ir nanoparticles in Ir/ATO7. In some cases (Figure 5e-f), the XRD 
patterns indicate a more amorphous material, assuming that iridium may not be in crystalline 
phase.  
 
 
 
 
 

                                                      
 
7 Oh, H.-S.; Nong, H. N.; Reier, T.; Gliech, M.; Strasser, P. Chemical Science 2015, 6, 3321-3328. doi: 

101039/C5SC00518C 
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Figure 4. X-Ray Diffraction patterns of the first batch of catalysts synthesized: a. 30 % Ir/ATO 
(SA) (Lettenmeier method), b. 30 % Ir/ATO (SA) (Goodenough-Smotkin method), c. 30 % Ir/ATO 
(SA) (Goodenough-Smotkin method, dif. Ir prec), d. 70 % Ir/ATO (SA) (Lettenmeier method), e. 
30 % Ir/ATO (SA) (Polyol method), f. 30 % Ir/ATO (ARMINES) (Lettenmeier method) and g. 70 % 
Ir/ATO (ARMINES) (Lettenmeier method) 
 
 

b. 
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f. 
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Figure 5. X-Ray Diffraction patterns of the third and fourth batches of catalysts synthesized: a. 
70% Ir/ATO (ARM) – batch 3, b. 30% Ir/ATO (SA) – batch 3, c. 30% Ir/ATO (ARM) – batch 3, d. 
70% Ir/ATO (ARM) - batch 4, e. 30% Ir/ATO (SA) -batch 4, f. 30% Ir/ATO (ARM) – batch4 and g. 
Ir black (all synthesized with the Lettenmeier method). 
 
    
 
Figures 6-9 show the SEM (left) and TEM (right) images recorded for the first, second, third and 
fourth batch of materials synthesized, respectively. As shown, iridium is dispersed uniformly on 
the oxide supports in most of the catalysts except 30 % Ir/ATO (Polyol method) and 70 % Ir/ATO 
(ARMINES) (Lettenmeier method). It is worth pointing that iridium forms small agglomerates in 
many cases compared to the wide particles of ATO which denotes the effectiveness of the syn-
thesis methods. 
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f. 

  

g. 

  
Figure 6. SEM (left) and TEM (right) pictures of the first batch of catalysts synthesized: a. 30 % 
Ir/ATO (SA) (Lettenmeier method), b. 30 % Ir/ATO (SA) (Goodenough-Smotkin method), c. 30 % 
Ir/ATO (SA) (Goodenough-Smotkin method, dif. Ir prec), d. 70 % Ir/ATO (SA) (Lettenmeier meth-
od), e. 30 % Ir/ATO (SA) (Polyol method), f. 30 % Ir/ATO (ARMINES) (Lettenmeier method) and 
g. 70 % Ir/ATO (ARMINES) (Lettenmeier method) 
 

a. 

  

b. 

  

c. 
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d. 

  

e. 

  
Figure 7. SEM (left) and TEM (right) pictures of the second batch of catalysts synthesized by 
Lettenmeier method: a. 30 % Ir/ATO (SA), b. 30 % Ir/ATO (ARMINES), c. 70 % Ir/ATO (SA), d. 
70 % Ir/ATO (SA) and e. Ir black. 
 
 

a. 

  

b. 
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c. 

  
Figure 8. SEM (left) and TEM (right) pictures of the third batch of catalysts synthesized by Let-
tenmeier method: a. 70 % Ir/ATO (ARMINES), b. 30 % Ir/ATO (ARMINES), c. 30 % Ir/ATO (SA) 
 
 

a. 

  

b. 

  

c. 

  
Figure 9. SEM (left) and TEM (right) pictures of the fourth batch of catalysts synthesized by Let-
tenmeier method: a. 70 % Ir/ATO (ARMINES), b. 30 % Ir/ATO (ARMINES), c. 30 % Ir/ATO (SA) 
 
 
Results of the EDS-SEM analysis showed that in most of the supported catalysts, iridium amount 
is lower compared to the nominal value (Table 7) calculated based on the amount of the iridium 
precursor used during synthesis, especially for the 1st batch of materials. Moreover, high 
amounts of Cl- were detected in the first batch of the synthesized catalysts, which could be due 
to insufficient removal of Cl upon synthesis procedure. In the second batch of materials, Cl 
amounts were lower than 2 %, following a more thorough rinsing/washing of the catalyst pow-
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ders. Batches 3 and 4 show significant improvement regarding the amount of iridium compared 
to the nominal values, while the percentage of Cl is significantly reduced. 
 
 
Table 7. Ir amount of electrocatalysts for batches 1-4, based on the EDS/SEM analysis meas-
urements 

Batch 1 Iridium amount, % 

30 % Ir/ATO (SA) (Lettenmeier method) 24 

30 % Ir/ATO (SA) (Goodenough-Smotkin method) 27 

30 % Ir/ATO (SA) (Goodenough-Smotkin method, dif. Ir prec) 28 

70 % Ir/ATO (SA) (Lettenmeier method) 41 

30 % Ir/ATO (SA) (Polyol method) 54 

30 % Ir/ATO (ARMINES) (Lettenmeier method) 26 

70 % Ir/ATO (ARMINES) (Lettenmeier method) 51 

Batch 2 (Lettenmeier method) Iridium amount, % 

30 % Ir/ATO (SA) 25 

30 % Ir/ATO (ARMINES) 24 

70 % Ir/ATO (SA) 60 

70 % Ir/ATO (ARMINES) 67 

Ir black 80 

Batch 3 (Lettenmeier method) Iridium amount, % 

70 % Ir/ATO (ARMINES) 60 

30 % Ir/ATO (ARMINES) 24 

30 % Ir/ATO (SA) 31 

Batch 4 (Lettenmeier method) Iridium amount, % 

70 % Ir/ATO (ARMINES) 68 

30 % Ir/ATO (ARMINES) 20 

30 % Ir/ATO (SA) 20 

 
 

3 Conclusions 

 
All the measurements and methods applied were based on the protocols described and reported 
in deliverable report D2.2. The results from the electrocatalyst characterization were discussed 
and presented through a series of meetings between PRETZEL partners. Thus, the most active 
materials with enhanced electrochemical activity and the most suitable properties were selected 
to be utilized for the MEAs preparation. Based on the results from characterization of 1st batch of 
materials, Lettenmeier method5,6 was selected for the catalyst preparation. Also, a set of three 
promising materials: 1. 30 % Ir on ATO purchased from Sigma Aldrich, 2. 30 % Ir on ATO pro-
duced by ARMINES and 70 % Ir on ATO produced by ARMINES, was chosen to proceed with 
the single cell MEA preparation and testing and consequently to the large scale MEA production. 
 
 
 


