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efficiency by using electrodes with ultra-low platinum loadings 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Electrospray enhances SDE performance 
due to improved catalyst dispersion. 

• Reducing platinum loading 7 times in 
the cathode boosted hydrogen 
production. 

• The H2 purity is increased one order of 
magnitude with the optimized 
electrodes. 

• A 70 % reduction of total Pt loading was 
achieved by electrospray with better 
performance. 

• The electrodes with lower Pt content 
demonstrated to be robust.  
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A B S T R A C T   

Sulfur dioxide depolarized electrolysis (SDE) is a promising technology for cost-effective green hydrogen pro
duction that can be used for the storage of intermittent renewable energies used to power the electrolyzer. The 
obtained hydrogen can be stored and used as a source for producing electricity in a fuel cell. However, high 
platinum loadings (around 2 mgPt cm− 2) in the anode and cathode electrodes significantly contribute to the 
overall cost of the electrolyzer. This study aimed to optimize both electrodes using the electrospray technique for 
the deposition of ultra-low Pt loadings. The electrodes achieved a total platinum loading as low as 0.4 mgPt cm− 2 

(0.3 mgPt cm− 2 for the anode and 0.1 mgPt cm− 2 for the cathode), an 80 % reduction compared to common 
platinum loadings. This reduction not only increased the hydrogen production rate (18 mL min− 1 with optimized 
electrodes vs. 4.7 mL min− 1 with non-optimized electrodes) but also decreased the production of hydrogen 
sulfide in the cathode, resulting in a hydrogen stream with higher purity. Overall, this study demonstrates the 
potential of electrospray for achieving low platinum loadings and improving the efficiency of SDE for green 
hydrogen production.   
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1. Introduction 

The rapid growth of the energy sector is the main cause of global 
warming due to the exponential increase in greenhouse gas emissions 
[1–3]. Consequently, governments are presenting policies to encourage 
the transition to a decarbonized energy sector. One clear example is the 
European Green Deal, with an ambitious objective of reaching zero net 
emissions of greenhouse gases for 2050 [4]. The development and 
integration of renewable energies (REs) are the obvious tools to meet 
this goal [5–7]. However, REs are facing some challenges that are 
slowing down their full integration into the grid [8]. They have an 
intermittent and unpredictable nature as they depend on weather con
ditions, and they are also variable in location [5,9]. In this scenario, 
energy storage technologies are key to complement REs to be success
fully integrated into the grid, as they will help to provide a stable power 
output from REs. Among energy storage technologies, the use of 
hydrogen has emerged as one of the most promising alternatives [10]. 
The Hydrogen Roadmap [11], derived from the European Green Deal, 
states that “hydrogen is the best (or only) choice for at-scale decarbonization 
of selected segments in transport, industry and buildings”. The excess of 
electricity from REs needs to be transformed into a different energy, as 
electricity cannot be stored on a large scale. By using that excess of 
electricity to power a water electrolysis device, electricity can be con
verted into hydrogen as chemical energy [12–14]. Later, that hydrogen 
can be used in a fuel cell to produce electricity when required by de
mand. Proton exchange membrane (PEM) electrolysis is one of the al
ternatives for green hydrogen production, which, unlike liquid alkaline 
electrolysis, is efficient when operating with a variable power input. 
Nevertheless, the high cost of water electrolysis due to the high theo
retical potential of 1.23 V vs. reference hydrogen electrode (RHE) and 
the use of precious metals such as platinum and iridium are impeding 
the large-scale implementation of this technology. The development of 
new methods for the splitting of water is one way to make the produc
tion of hydrogen by electrolysis more economically attractive. The 
Hybrid Sulfur (HyS) cycle uses SO2 as an intermediary in the 
water-splitting reaction to lower the theoretical potential to a value as 
low as 0.157 V vs. RHE [15–17], which results in a lower energy input in 
the electrolysis step for the generation of the same amount of hydrogen. 
Moreover, the low required voltages allow for the use of carbon-based 
materials in the anode instead of titanium-based materials for (PEM) 
based water electrolysis. The HyS consists of three steps. The first step is 
the thermal decomposition of sulfuric acid (eq. (1)) at temperatures of 
around 900 ◦C which can be carried out using solar concentration en
ergy or with spent heat generated in nuclear reactors. This is followed by 
a gas separation step to obtain a high-purity SO2 stream. 

H2SO4 → SO2 +
1
2

O2 + H2O eq. 1 

The final step is the so-called sulfur depolarized electrolysis (SDE) 
(eq. (2) and eq. (3)) in which SO2 and water react in the anode producing 
sulfuric acid and protons that cross the membrane to be reduced into 
hydrogen in the cathode. In this step, the excess of renewable energies 
can be used to produce hydrogen as an energy vector to store these 
energies when energy demand is low. 

2 H2O+SO2 → H2SO4 + 2 H+ + 2 e- E0 = -0.157 V eq. 2  

2 H+ + 2 e- → H2 E0 = 0 V eq. 3 

Although several catalysts have been studied for the SDE [18], 
platinum is the most efficient catalyst for the SDE electrolysis, and not 
iridium which is the main anode catalyst for PEM water electrolysis. The 
use of these precious metals accounts for a large part of the cost of the 
electrolyzer. One way of reducing the cost of the electrochemical cell is 
by changing the catalyst, however, only gold and palladium have shown 
acceptable performance for the SDE apart from Pt [19–21] which also 
have a high cost. Although gold shows better activity, its durability is 

worse than that of palladium or platinum, and some works show 
different activity for Pd. Therefore, other approaches must be followed 
to reduce the cost of the catalyst layer. Recovering the spent platinum of 
the SDE will allow for a reduction of the investment in this metal for the 
electrolysis step, and some works are already exploring this idea [22, 
23]. On the other hand, optimizing the deposition technique and 
lowering the catalyst loading will potentially decrease the total cost of 
the electrolyzer [24]. One of the ways to reach low platinum loadings 
with high performance is the deposition of the catalyst via the 
electro-spray deposition technique. In a previous work, our group 
demonstrated the feasibility of using electro-spray for the deposition of a 
platinum catalyst for the SDE in a half cell. Electro-spray was demon
strated to provide a larger electrochemical active area (ECSA) of the 
catalyst layer and also higher activity towards the SDE with ultra-low Pt 
loadings [25]. This technique has several advantages over other depo
sition methods such as producing a uniform layer with high precision 
and control over the deposition rate, contributing to a more efficient 
reaction with low catalyst loadings. Moreover, its versatility and scal
ability make electrospray a powerful technique for catalyst deposition. A 
detailed review of this topic can be found elsewhere [26]. On the other 
hand, current approaches on the SDE processes aim to carry out this 
electrochemical reaction at temperatures higher than 100 ◦C using 
steam and gaseous SO2, as preliminary modeling studies have demon
strated enhanced kinetics at those temperatures that result in higher 
hydrogen production rates. Currently, there are only a few studies that 
have investigated the SDE at temperatures higher than 100 ◦C [27,28], 
using a total catalyst loading between 1 mgPt cm− 2 and 2 mgPt cm− 2, 
and there is still a large knowledge gap of what occurs in a sulfur 
environment at those temperatures. In this context, this work intends to 
evaluate the electro-spray deposition technique and optimize the plat
inum loading of a high-temperature SDE single-cell electrolyzer. To do 
so, anodes and cathodes prepared using airbrush and electro-spray 
deposition will be tested and the electrochemical performance of the 
electrolyzer will be assessed. Moreover, as a novel aspect of this work, 
the hydrogen production rate and its purity will be shown and hence the 
efficiency of the process will be evaluated. 

2. Materials and methods 

2.1. Electrode preparation 

Both anode and cathode were prepared by deposition of a catalytic 
ink composed of Pt/C (40 wt% Pt, Fuel Cell Store, USA), with poly
benzimidazole (PBI) as ionomer (1.98 wt%, diluted from a 26 wt% so
lution using N,N-dimethylacetamide (DMAc), PBI Performance 
Products, USA), with a proportion of 1/20 related to the carbon support 
content, and DMAc as solvent (Merk, Germany). Various catalyst load
ings were studied for the anode and cathode. For the anode catalyst 
loadings in the range of 0.5 mgPt cm− 2 and 0.1 mgPt cm− 2 were tested. 
And, for the cathode, the catalyst loading ranged between 0.3 mgPt 
cm− 2 and 0.05 mgPt cm− 2. The electrodes deposited by airbrush were 
prepared using an air gun loaded with the catalytic ink and connected to 
a N2 (Air Liquide, Spain) used as carrier gas to deposit the ink onto a 25 
cm2 electrode (H23C2 GDL{Thickness 255 mm; Air Permeability 10 s; 
Resistivity 10 mΩ/cm2} Freudenberg, Germany) placed on a hot plate 
set up at 130 ◦C to evaporate the solvent. In the case of the electrospray 
deposition, a Fluidnatek LE-50 {VMax syringe 140 mL; Electrical Voltage 
drop up to 40 kV (up to +30 kV and − 10 kV for the emitter and the 
collector, respectively); Flow rate between 0.1 and 1000 mL/h} (Bio
inicia, Spain) was used. The electrospray settings were the same as in our 
previous work [24]. Briefly, the ink flow rate was 800 μL h− 1 giving a 
weight gain of 1.8 mg/cycle, the injector voltage was 6 kV the collector 
voltage was set to 0 kV, and the distance between the needle (30 G) and 
the electrode was 2 cm. For both deposition techniques, the catalyst 
loading was adjusted by weighting the electrode before and after the 
deposition process. 
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2.2. SDE electrolyzer 

For the experiments, a 25 cm2 electrolyzer was assembled tightening 
the cell with a torque of 1 N m− 2 as described in previous works [28–30]. 
Briefly, it consists of two stainless steel endplates, two gold current 
collectors and two graphite bipolar plates with serpentine channels for 
both anode and cathode. For the electrodes, H23C2 GDL was used as gas 
diffusion and supporting layer (Freudenberg, Germany). The electrodes 
were sandwiched between a m-PBI membrane (50 μm dry thickness, PBI 
Performance Products, USA) with no previous hot pressing. The PBI 
membrane was doped overnight at 80 ◦C in 85 wt% H3PO4 (Merck, 
Germany), reaching an acid doping level of 11.4 mol of acid per 
repeating unit of PBI [29]. Before the assembly, the membrane was 
wiped using tissue paper to remove the excess of H3PO4. Moreover, 0.5 g 
of a 10 wt% H3PO4 solution was drop cast onto the electrodes and let dry 
overnight the day before the assembly to doped the PBI used as an 
ionomer in the inks. 

2.3. SDE set-up and procedure 

Before introducing SO2 to the electrolyzer, the electrolyzer was 
heated to 110 ◦C, steam (0.2 mL min− 1 of liquid Mili-Q water) was fed to 
the anode and a mixture of N2 (100 mL min− 1) and steam (0.5 mL min− 1 

of liquid water) was fed to the cathode while applying a cell voltage of 
0.6 V to prevent the crossover of SO2. By doing this, time gaps of SO2 
entering the electrolyzer with no voltage are avoided. After a baseline 
with steam was obtained (around 5 min with a current value close to 
0 A), a flow of 70 mL min− 1 of SO2 (Nippon Gases, Spain) was mixed 
with the steam before entering the electrolyzer cell. For the break-in 
before the characterization, a constant voltage of 0.6 V was applied 
for 90 min. Electrochemical characterization was carried out at 110 ◦C, 
120 ◦C, and 130 ◦C using a galvanostat/potentiostat PGSTAT204 
equipped with a 20 A Booster and an impedance FRA32 module 
(AutoLab, Netherlands). Linear sweep voltammetries were performed in 
the cell potential range of 0.4–1 V using a scan rate of 10 mV s− 1. 
Hydrogen production was measured at 0.6 V. Hydrogen rate and purity 
were measured by gas chromatography with a GC-2030 (Shimadzu, 
Japan) equipped with a Rxi-1ms column (L = 30 m; ID = 0.32 mm; DF =
0.50 μm) for sulfurous compounds (H2S and SO2) and a Rt-Msieve 5A 
column (L = 30 m; ID = 0.32 mm; DF = 30 μm) for small gas molecules 
(H2, N2, and O2). Hydrogen faradaic efficiency was calculated using the 
real amount of produced hydrogen and the theoretical hydrogen pro
duction rate at 0.6 V at the measured current density and applying the 
well-known Faraday law. Before the measurements, the gas chromato
graph was calibrated with different mixtures of N2 and H2. Electro
chemical impedance spectroscopy (EIS) was performed at 0.6 V in the 
frequency range of 0.1–10.000 Hz with an amplitude equal to 10 % of 
the applied voltage (60 mV). EIS results were fitted using the NOVA 2.0 
software to an R(RC) model (Fig. S1). 

2.4. Optimization procedure 

The anode and cathode were optimized based on polarization curve 
performance and also in terms of hydrogen production rate and purity 
using the following procedure. First, a baseline experiment was carried 
out fixing both anode and cathode platinum loadings at 0.7 mgPt cm− 2, 
using the conventional catalyst deposition technique of air-brush. This 
loading was selected based on our previous works that showed to be 
sufficient for the SDE [17,18,28–30]. Then, the anode was optimized by 
testing catalyst loadings of 0.5, 0.3, and 0.1 mgPt cm− 2 (with both 
airbrush and electrospray), while maintaining a cathode catalyst loading 
of 0.7 mgPt cm− 2 (deposited by airbrush). Once the anode was opti
mized, the investigated cathode catalyst loadings were 0.3, 0.1, and 0.05 
mgPt cm− 2, prepared with airbrush and electrospray. When the cathode 
was optimized, the anode loading was also maintained in a catalyst 
loading of 0.7 mgPt cm− 2 (airbrush) to optimize the cathode in the same 

conditions. The sample nomenclature follows the X-AG/ES-A/C, where 
X is the Pt loading, AG/ES refers to the deposition method being AG 
air-gun and ES electrospray, and A/C refers to which electrode is being 
optimized where A is anode and C is cathode. Table 1 shows the different 
combination of electrodes with which the electrolyzer was assembled to 
optimize the anode and cathode. 

Finally, when the optimum catalyst loadings and deposition tech
nique for the anode and cathode were selected, an experiment with both 
optimized electrodes (OE test) was carried out and the results were 
compared with the base scenario using a catalyst loading of 0.7 mgPt 
cm− 2 for both anode and cathode, deposited by air-brush. Moreover, a 
preliminary short-term stability test was performed once the evaluation 
of the performance of the SDE with the optimized electrodes at different 
temperatures was finished, the electrolyzer was kept at 120 ◦C and 0.6 V 
till 8.5 h of total operation. 

3. Results 

3.1. Anode optimization 

The anode where the water splitting reaction occurs was the first 
catalyst layer to be optimized, since for the SDE process the anode is the 
limiting reaction (OER) [31–33]. Therefore, the catalyst loadings stud
ied for this catalyst layer was 0.5–0.1 mgPt cm− 2 while for the cathode, 
where only the hydrogen evolution reaction (HER) occurs, the studied 
catalyst loading range was 0.3–0.05 mgPt cm− 2. A baseline experiment 
using 0.7 mgPt cm− 2 in both anode and cathode prepared by airbrush is 
shown in Fig. S2 catalyst. This loading was selected as that was the value 
employed for our previous SDE works [17,28] and because is similar to 
other works published on this topic [34,35]. For the baseline test 
(Fig. S2), lower performance was observed in the linear sweep voltam
metry and in the production of hydrogen compared to 0.5AGA (Table 1), 
attributed to agglomeration due to the higher catalyst loading (Fig. S4). 
For high loadings and elevated catalyst deposition times, particles tend 
to agglomerate as the electrical conductivity of the catalyst particles is 
higher than that of the carbon electrode. This aggregation effect was 
evidenced in our previous work where we tested electrosprayed elec
trodes in a half-cell [25], in that work it can be observed that a platinum 
loading higher than 0.3 mgPt cm− 2 causes particle agglomeration on the 
carbon paper electrode (Fig. S4). Regarding the linear sweep voltam
metry for the anode optimization, Fig. 1 shows the results obtained at 
110 ◦C, 120 ◦C and 130 ◦C. For the airbrush deposition, 0.5AGA and 
0.3AGA show similar results with slightly better performance for 0.5AGA 
as it reaches a current density of 0.34 A cm− 2 at 1 V compared to 0.32 A 
cm− 2 for 0.3AGA at 110 ◦C. The study demonstrates that a platinum 
loading of 0.3 mgPt cm− 2 is adequate for conducting the SDE as no ki
netic loss or mass transport limitations are observed. However, when the 

Table 1 
Catalyst loadings and deposition techniques were employed for the optimization 
of the electrolyzer electrodes.  

Test Anode 
deposition 
technique 

Cathode 
deposition 
technique 

Anode 
platinum 
loading [mgPt 
cm− 2] 

Cathode 
platinum 
loading [mgPt 
cm− 2] 

0.5AGA Airbrush Airbrush 0.5 0.7 
0.3AGA Airbrush Airbrush 0.3 0.7 
0.1AGA Airbrush Airbrush 0.1 0.7 
0.5ESA Electrospray Airbrush 0.5 0.7 
0.3ESA Electrospray Airbrush 0.3 0.7 
0.1ESA Electrospray Airbrush 0.1 0.7 
0.3AGC Airbrush Airbrush 0.7 0.3 
0.1AGC Airbrush Airbrush 0.7 0.1 
0.05AGC Airbrush Airbrush 0.7 0.05 
0.3ESC Airbrush Electrospray 0.7 0.3 
0.1ESC Airbrush Electrospray 0.7 0.1 
0.05ESC Airbrush Electrospray 0.7 0.05  
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anode loading is reduced to 0.1 mgPt cm− 2 (0.1AGA), there is a 
noticeable decline in performance, particularly evident for cell voltages 
exceeding 0.7 V. This suggests that a platinum loading of 0.1 mgPt cm− 2 

for the anode is insufficient, as indicated by a plateau in performance 
attributed to mass transport issues. Electrodes prepared using electro
spray exhibit a different trend. The polarization curve for 0.5ESA dis
plays poorer performance compared to 0.5AGA and 0.3AGA, with a 
maximum current density of 0.25 A cm− 2 at 1 V. As evidenced in our 
previous work [25], higher catalyst loadings than 0.3 mgPt cm− 2, when 
prepared by electrospray, lead to catalyst particle agglomeration. 
Conversely, 0.3ESA at 110 ◦C demonstrates a maximum current density 
exceeding 0.36 A cm− 2, almost 10 % higher than its 0.5AGA counterpart, 
despite using 40 % less platinum. This improvement is attributed to the 
enhanced catalyst dispersion achieved through electrospray. Similarly, 
while 0.1ESA exhibits significantly lower performance compared to 
0.3ESA due to inadequate platinum amount, its improved dispersion 
relative to 0.1AGA results in better performance.  

SO2+ 4 e− + 4H+→S + 2H2OE0 = 0.45 V                                      eq. 4  

SO2+ 3H2→H2S + 2H2O                                                              eq. 5  

SO2+ 2H2S→3 S + 2H2O                                                             eq. 6 

At 120 ◦C, side reactions (Eqs. (4)–(6)) in the anode sulfur environ
ment [19,20,36] cause a decline in overall performance. While eq. (4) is 
an electrochemical reaction, eqs. (5) and (6) are chemical reactions. 
Nonetheless, 0.3ESA maintains the highest performance with a current 
density of 0.26 A cm− 2 at 1 V, surpassing both 0.3AGA and 0.5AGA by 10 
% and 30 % respectively. Finally, at 130 ◦C, polarization curves show 
erratic results. For instance, 0.1AGA, previously exhibiting the worst 
performance, now ranks as the second-best scenario. This unexpected 
behavior may be attributed to the poor catalytic activity of 0.1AGA, 
unaffected by side reactions that are more pronounced at 130 ◦C. 
Consequently, results at 130 ◦C were excluded from selecting the 
optimal loading and deposition technique for the anode. Regarding EIS 
results (Table S1), they corroborate the findings from linear sweep 
voltammetry. Ohmic resistance (RΩ) decreases slightly with tempera
ture, reflecting the decrease in material resistance and the increased 
conductivity of phosphoric acid-doped PBI membranes [37,38]. How
ever, charge transfer resistance (Rp) increases with temperature, sug
gesting that SDE kinetics do not improve with temperature or that 
enhanced side reactions hinder SDE behavior. Electrospray-prepared 
electrodes tend to have slightly lower Rp values, indicating better 
dispersion. Moreover, a low catalyst loading of 0.1 mgPt cm− 2 causes a 
significant increase in charge transfer resistance at 120 ◦C, not observed 
in the case of higher catalyst loadings. 

Fig. 2 shows the hydrogen production rate and the faradaic efficiency 
for the set of experiments performed for the anode optimization. 

As expected, at 110 ◦C, for the highest studied catalyst production 
rate and efficiency are obtained for 0.5AGA. Moreover, the faradaic ef
ficiency towards hydrogen production is only 65 % for 0.5ESA. This is 
explained as a lower performance means that less SO2 reacts in the 
anode and can cross to the cathode consuming protons and electrons to 
form sulfur and sulfhidric acid. Similarly, for the lowest catalyst loading 
of 0.1 mgPt cm− 2, the faradaic efficiency drops to values as low as 65 % 
for 0.1AGA. In this case, this reduced efficiency is due to the low amount 
of catalyst. For 0.3 mgPt cm− 2, the improved catalyst dispersion en
hances hydrogen production, with a 64 % higher hydrogen rate than for 
0.3AGA and 13 % higher than 0.5AGA with 40 % less catalyst. At 120 ◦C 
the trend is similar, however, due to the increase in temperature, other 
side reactions are also enhanced which decrease hydrogen production as 
also was observed for linear sweep voltammetries. Higher temperatures 
shorten the difference between a catalyst loading of 0.1 mgPt cm− 2 and 
0.3 mgPt cm− 2, and, while the hydrogen rate for 0.3AGA is the same at 
both temperatures, for 0.3ESA there is a substantial decrease. The reason 
is that for 0.3AGA the catalyst dispersion is limiting the reaction rate, 

Fig. 1. Linear sweep voltammetries for the electrodes employed in the anode 
optimization at different temperatures. Dark red: 0.5AGA; Red: 0.3AGA; Light 
red: 0.1AGA. Dark blue: 0.5ESA; Blue: 0.3ESA; Light blue: 0.1ESA. (For inter
pretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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therefore, the increase in temperature has little effect in this case. On the 
other hand, for 0.3ESA the kinetics and side reactions are the limiting 
factors affecting the performance of the electrolyzer. Finally, at 130 ◦C, 
the concentration of H2S exponentially increases in the cathode 
(Table S4) which hinders the production of hydrogen. For that reason, 
faradaic efficiencies are below 40 % while at 110 ◦C and 120 ◦C, they 
were close to 100 %. However, 0.1ESA and 0.3ESA show promising 
performance with the highest hydrogen production rates at this tem
perature. Therefore, as a partial conclusion, 0.3ESA is considered as the 
optimized anode catalyst loading deposition due to the polarization 
curves results and the hydrogen production rates. 

3.2. Cathode optimization 

Once the anode electrode was optimized, the same protocol was 
followed to optimize the cathode. To perform the optimization in the 
same conditions as for the anode, the catalyst loading was fixed to 0.7 
mgPt cm− 2 deposited with airbrush in the anode. For the cathode, as the 
HER is the only reaction that will occur according to eq (3), lower 
catalyst loadings are needed. Consequently, the studied catalysts load
ings were 0.3 mgPt cm− 2, 0.1 mgPt cm− 2 and 0.05 mgPt cm− 2. Fig. 3 
shows the polarization curves for the different cathode catalyst layers. In 
general, as occurred for the anode optimization, increasing temperature 
did not translate to higher maximum current densities due to the 
enhancement of secondary reactions at higher temperatures. At 110 ◦C 
the best performance is obtained for 0.1ESC (0.38 A cm− 2) followed by 
0.05ESC (0.34 A cm− 2) and 0.1AGC (0.33 A cm− 2). At this temperature, 
the two lowest loadings deposited by electrospray show the best per
formance due to the excellent dispersion of the catalyst and highest 
values of ECSA as it can be seen in Table S2, but at a loading of 0.05 mgPt 
cm− 2 is negatively affecting the performance of the electrolyzer. 
Consequently, the worse dispersion of 0.05AGC over 0.05ESC explains 
the poorer performance of the former. Regarding the highest catalyst 
loadings, the inability of electrospray to homogeneously disperse that 
amount of catalyst (0.3ESC) results in a maximum current density of 
0.27 A cm− 2, which is 40 % lower than for 0.1ESC with three times less 
platinum. Moreover, when compared with the conventional 0.3AGC the 
difference is an astonishing 81 %. Interesting results are obtained at 
120 ◦C for the 0.1 mgPt cm− 2 loading prepared with both techniques as 
the maximum current densities of those two cases are higher than any of 
the experiments carried out for the anode optimization. In other words, 
the increase of temperature did not affect as significantly as for the 
previous set of experiments. This is attributed to the inhibition of side 
reactions in the cathode that poison the catalyst due to a much lower 
amount of platinum. This is further confirmed by the results at 130 ◦C 
where the trend is clear. For 0.3AGC and 0.3ESC, the high amount of 
platinum also promotes the production of H2S as confirmed by the 
chromatography measurements (Table S3). The best results and 
following the trend of the results at 110 ◦C and 120 ◦C, were obtained for 
0.1AGC and 0.1ESC, with a superior performance of the electrode pre
pared by electrospray. Moreover, the production of H2S drastically de
creases confirming that side reactions generating this poisoning species 
are limited. This could be explained taking into account that the 
reduction of sulfur dioxide to sulfur is more difficult than the reduction 
of protons to hydrogen (0.45 V vs 0.0 V, as it can be seen in eq (4)) and 
hence, when there are less particles of catalyst available in the cathode 
electrode the production of sulfur based compounds is minimized. For 
0.05AGC and 0.05ESC the results are identical, however, such a low 
platinum loading affects the kinetics of the cathode resulting in worse 
performance than for the 0.1 mgPt cm− 2 loading. On the other hand, EIS 
results for the cathode optimization (Table S1) demonstrate the bene
ficial effect of decreasing the catalyst loading, as for 0.1 mgPt cm− 2 and 
0.05 mgPt cm− 2 the charge transfer resistance decreases from 110 ◦C to 
120 ◦C, which did not happen in the anode optimization experiments. 

Fig. 4 shows the hydrogen production rates and faradaic efficiency 
for the cathode optimization experiments. In this case, the electrospray 

Fig. 2. Hydrogen production rates and faradaic efficiency for the tests per
formed for the anode optimization at different temperatures. Dark red: 0.5AGA; 
Red: 0.3AGA; Light red: 0.1AGA. Dark blue: 0.5ESA; Blue: 0.3ESA; Light blue: 
0.1ESA. Red dotted line: faradaic efficiency for the airbrush deposition tech
nique. Blue dotted line: faradaic efficiency for the electrospray deposition 
technique. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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Fig. 3. Linear sweep voltammetries for the electrodes employed in the cathode 
optimization at different temperatures. Dark red: 0.3AGC; Red: 0.1AGC; Light 
red: 0.05AGC. Dark blue: 0.3ESC; Blue: 0.1ESC; Light blue: 0.05ESC. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 4. Hydrogen production rates and faradaic efficiency for the tests per
formed for the cathode optimization at different temperatures. Dark red: 
0.5AGA; Red: 0.3AGA; Light red: 0.1AGA. Dark blue: 0.5ESA; Blue: 0.3ESA; Light 
blue: 0.1ESA. Red dotted line: faradaic efficiency for the airbrush deposition 
technique. Blue dotted line: faradaic efficiency for the electrospray deposition 
technique. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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technique shows superior performance in every pair of electrodes in 
terms of hydrogen production. At 110 ◦C, all the samples show an ex
pected faradaic efficiency of around 100 %. However, the performance 
of 0.1ESC is far superior to the best cathode prepared by airbrush which 
is 0.1AGC, producing 64 % more hydrogen. At 120 ◦C, electrospray is 
still the best deposition technique for the cathode, as in this case the 
catalyst loadings were lower than the studied for the anode. With a 
similar hydrogen production rate for 0.1ESC and 0.05ESC. Nevertheless, 
the most interesting result is obtained at 130 ◦C. While the faradaic ef
ficiency for 0.3ESC and 0.3AGC follows the trend observed for the anode 
optimization with values close to 30 % and very low hydrogen pro
duction rates, this efficiency rises to values close to 100 % for the lowest 
platinum loadings. This data, combined with the H2S measurements 
confirm that the production of H2S is avoided with the use of low 
platinum loadings in the cathode. Moreover, it can be stated that the 
deposition technique did not affect this behaviour as it occurs for both 
electrospray and airbrush. Regarding performance, as for the previous 
temperatures, the best results were obtained for 0.1ESC. In terms of the 
selection of the optimum catalyst loading and deposition technique for 
the cathode, 0.1ESC and 0.05ESC did not show very different hydrogen 
production rates even though the difference in platinum loading is 
double. However, considering the polarization curves results and the 
slightly higher hydrogen production rate for 0.1ESC, this loading and 
technique were selected as optimum for the experiment in which the 
electrolyzer was assembled with both the optimized anode and cathode 
electrodes. 

3.3. Short-term electrolysis with the optimized electrodes 

Once both electrodes were optimized, the SDE electrolyzer was 
assembled with an anode with a platinum loading of 0.3 mgPt cm− 2 and 
a cathode with a loading of 0.1 mgPt cm− 2 both of them prepared with 
the electrospray technique (OE test). As a comparison, an experiment 
was carried out with electrodes with a catalyst loading of 0.7 mgPt cm− 2 

using airbrush deposition, which was the base scenario (BS test). This 
means that the total platinum loading for the OE test was 0.4 mg Pt 
cm− 2, which is 3.5 times less platinum than the 1.4 mgPt cm− 2 used in 
the BS test. Firstly, the electrolyzer was characterized at 110 ◦C, 120 ◦C 
and 130 ◦C. As expected, the performance in the OE test is superior to the 
BS test even though the amount of catalyst is considerably lower. For 
instance, polarization curves (Fig. 5) show that the maximum current 
density is always higher for the OE test at 1V (0.42, 0.34, and 0.28 A 
cm− 2 vs 0.29, 0.29, and 0.12 A cm− 2). What is more, for the BS test the 
polarization curve at 130 ◦C shows poor performance caused by the side 
reactions in the cathode, while for the experiment with both electrodes 
prepared by electrospray, the performance is also affected by side re
actions but with considerably better current density values than for the 
BS test. It is interesting to observe the trend in the polarization curves for 
the OE test, as they suffer a systematic decrease when increasing tem
perature. Proving that the best results are obtained at the lowest tested 
temperature of 110 ◦C. 

Table 2 shows the actual production of hydrogen for both experi
ments at 110 ◦C, 120 ◦C and 130 ◦C and during the short-term durability 
test in which the cell potential was held to 0.6 V. For both cases, the 
hydrogen production rate decreases with temperature because of the 
influence of side reactions that lead to the adsorption of sulfur species in 
the catalyst surface lowering the performance. However, for the case of 
the OE test, the decrease is only 30 % compared to an 85 % decrease for 
the base scenario. As previously commented, side reactions consuming 
protons, electrons, and hydrogen are enhanced at high temperatures and 
high cathode platinum loadings. In fact, at 130 ◦C, when the H2S pro
duction is boosted, the H2S rate of the BS test experiment is 6.7 higher 
than for the OE test (Table S5 shows the production of H2S in ppm). This 
again proves that a lower catalyst loading worsens the kinetics of the 
cathode side reactions. Therefore, at 130 ◦C only 1.66 mL min− 1 of 
hydrogen is produced for the BS but 14.37 mL min− 1 for the OE (which is 

a hydrogen production 8.7 times higher). Regarding the short-term 
durability test, it is clear that the higher rate of side reactions for the 
BS test constantly poisons the cathode catalyst layer as demonstrated by 
the hydrogen production rate decrease over time, with a final hydrogen 
rate 50 % lower than the first measured value. On the other hand, for the 
OE test, the hydrogen production rate maintains a constant value over 
the length of the experiment. It is also interesting to see that the first 
measurement shows a hydrogen rate of 17.12 mL min− 1 which then 
increases to 17.96 mL min− 1 for the final measurement. Indicating that 
the poisoning that could have occurred at 130 ◦C is not irreversible as 
the measured hydrogen flow slightly increases over time. Furthermore, 
the production of H2S as a side product is constant for the OE test, while 
for the BS test, the measured H2S flow increases over time. Demon
strating that with an optimized catalyst deposition and a catalyst loading 
around 3.5 times lower than that employed in most of the SDE published 
works, not only the electrochemical performance is improved but also 
the hydrogen production rate. What is more, the production of poisoning 
side products is also limited. Moreover, Table S3 shows the beneficial 
impact of the optimized electrodes on the charge transfer resistance, 
with values half of that observed for the BS test. The enhanced catalyst 
deposition by electro-spray and the lower catalyst loading in the anode 
that prevents the formation of H2S explain these results. 

On the other hand, it is difficult to compare these results related to 
hydrogen production and faradaic efficiency with others published in 

Fig. 5. Linear sweep voltammetries for the electrodes employed in the OE test 
and BS test. Dark red: BS at 130 ◦C; Red: BS at 120 ◦C; Light red: BS at 110 ◦C. 
Dark blue: OE at 130 ◦C; Blue: OE at 120 ◦C; Light blue: OE at 110 ◦C. 

Table 2 
Hydrogen production rates for the OE test and BS test.  

Temperature OE test BS test 

H2 [mL 
min− 1] 

H2S [mL 
min− 1] 

H2 [mL 
min− 1] 

H2S [mL 
min− 1] 

110 ◦C 20.31 0.022 11.09 0.06 
120 ◦C 18.63 0.037 8.04 0.29 
130 ◦C 14.37 0.205 1.66 1.37 
120 ◦C (t = 4h) 17.12 0.025 8.58 0.26 
120 ◦C (t =

5.5h) 
17.55 0.019 4.68 0.27 

120 ◦C (t = 7h) 18.03 0.020 5.01 0.33 
120 ◦C (t =

8.5h) 
17.96 0.020 4.37 0.71  
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the literature using the same technology as they only show the current 
density but not the hydrogen production. However, in this work the 
need of measuring hydrogen purity is shown to be paramount to eval
uate the overall performance of this technology and not just look at 
electrolyzer performance. 

4. Conclusions 

Electrospray is a promising and reliable catalyst deposition tech
nique to dramatically lower the catalyst loading in the electrodes of the 
SDE electrolyzer that could also be extrapolated to other electro
chemical processes to produce hydrogen as a renewable energy storage 
process. In this work, the catalyst loading was decreased from 0.7 mgPt 
cm− 2 to 0.3 mgPt cm− 2 in the anode and from 0.7 mgPt cm− 2 to 0.1 
mgPt cm− 2 in the cathode without losing electrolyzer performance while 
increasing the hydrogen production rate. Moreover, it was demonstrated 
that the cathode side reactions caused by SO2 crossover are partially 
prevented by using lower catalyst loadings while the hydrogen pro
duction rate is not affected, resulting in a lower amount of side products 
that can poison the catalyst. 
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