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Abstract 

The present paper focuses on the effect of reduced hydrogen stoichiometry on the dynamic 

behavior of a PEMFC directly hybridized with SC or non-hybridized, using the European 

standard cycling protocol (FC-DLC) for transport applications. Two gas stoichiometry factors 

have been considered, at 1.2 and 1.1. Whereas direct hybridization of a single cell enables to 

reduce the hydrogen overconsumption from 28 % to 20 % at hydrogen stoichiometry of 1.2, the 

overconsumption was further reduced to 10 % by reducing the stoichiometry to 1.1. 

The durability of a single fuel cell has been investigated by comparing the long-term cycling 

operation depending on the hydrogen stoichiometric conditions, for both hybridized and non-

hybridized fuel cell. The non-hybridized fuel cell, at hydrogen stoichiometry of 1.2, was 

operated for 687 h (end of life), whereas the non-hybridized fuel cell at 1.1, could not be 

operated due to the sudden, excessive voltage drop in the high current density period of the 

cycle. On the contrary, the hybridized fuel cell was successfully submitted to cycling for more 

than 1000 h at both conditions of hydrogen stoichiometry. The GDL appears to be responsible 

for the failure of non-hybridized fuel cell performance, whereas no particular degradation was 

evidenced with hybridized configurations. Finally, the technique has been successfully applied 

to a three-cell stack, with very comparable voltage profiles of the individual cells over the 

cycling protocol. 
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1. Introduction  

Among the various energy sources, hydrogen is considered as one of the clean energy 

carriers. By and large, various industries have used this energy source safely over more than 

eight decades. With concern to rapid exhaustion of fossil fuels reserves and changing climate 

threats, hydrogen is now being considered as a future fuel or energy vector [1]. Thus, promoters 

of a hydrogen economy also believe hydrogen as a potential fuel for automobiles [2] and 

consider that hydrogen has the potential to transform in future, the transportation sector as part 

of a low carbon economy and thus, can improve energy security and domestic economy. 

For utilizing hydrogen as a potential fuel, proton exchange membrane fuel cell (PEMFC) 

technology is considered to be appropriate for vehicle propulsion, due to its high efficiency, 

and low operating temperature. However, hydrogen has an energy density far lower than 

gasoline which can be a concern in its storage on-board without bulky storage tanks [3]. At 

present, the only proven technology for hydrogen storage is compressed gas high-pressure (700 

bars) storage tank. Current research of metal hydride tanks although in progress has not solved 

the problem of storage so far [4].  

Next major concern is the cost of hydrogen. Presently, hydrogen is four times more 

expensive to produce than gasoline, only when produced from compressed natural gas. Thus, 

to commercialize the technology of fuel cell electric vehicles (FCEV), the “hydrogen 

consumption” here the amount of hydrogen to be fed for a targeted application, is a very 

important factor in order to benefit the autonomy of the FCEV. As a matter of fact, hydrogen 

consumption in FCEVs also includes excess or overfeeding from the minimum chemical 

reaction requirements, for its durable operation. Thus, hydrogen saving in FCEV’s is a big 

concern.  

FCEVs use only fuel cells, whereas fuel cell hybrid vehicles (FCHEVs) use FC in the 

conjugation of either batteries, supercapacitors or both. But in the comparison between FCEV 

and FCHEV, the latter has a larger autonomy, is more reliable and responses faster to dynamic 

load changes [5]. FCEVs correspond to shorter durability because the cell has to absorb all the 

dynamics of current [6]. Therefore, to improve the fuel efficiency in the fuel cell vehicle, 

together with their performance and lifetime, FC can be hybridized with energy storage devices 

[7].  
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In comparison with supercapacitors, batteries are restricted by limited life cycle [8], whereas 

supercapacitors are beneficial in that case. However, supercapacitors face a challenge for power 

allocation when hybridized with fuel cells [9]. Thus, FC connection to other component requires 

a complex energy management algorithm [10-12], which certainly affects the efficiency, size, 

and cost of the hybrid system.  

Nevertheless, a novel technique suggests connecting directly PEMFC and supercapacitors (SC) 

in parallel. It has been successful to reduce the hydrogen overfeeding [13]. Moreover, the direct 

hybridization has shown no detrimental impact on fuel cell core when being tested on driving 

conditions which represents additional advantage in view to fuel cell systems in transported 

applications. Fuel cell durability is estimated by applying repetitive load profile to the cell while 

quantifying performance degradation in terms of decaying cell voltage as a function of 

operating hours. Thus, to assess the cell degradation rate a dynamic load cycle has been 

employed in Europe [14], known as Fuel Cell Dynamic Load Cycle (FC-DLC).  

In FC-DLC, hydrogen supply is referred to the current demand. For a safe and durable 

operation, overfeeding in a fuel cell is recommended. Thus, the overfeeding in FC-DLC is a 

consequence of three major factors, (i) hydrogen stoichiometry, (ii) time anticipation required 

to adjust the flow meter during transient positive demand by the cycle, to avoid starvation, and 

(iii) minimum gas flow rates corresponding to a specific current density of 0.2 A cm-2, also 

known as safety limit current density, which is recommended to evacuate water at low current 

density demand.   

Hybridization of a fuel cell with storage device itself avoids occurrence of starvation at transient 

positive demand due to filtering effect provided by storage device, thus, there is no need of time 

anticipation. Reduction in hydrogen demand by varying the safety limit current density is also 

under study. Hydrogen stoichiometry appears an obvious choice to work upon for further 

reduction in hydrogen supply to the fuel cell, but without altering the durability of the fuel cell.  

The stoichiometry of gases, with factor air and H2, in a fuel cell is linked to the electrochemical 

reactions involved, in relation to Faraday’s law for each of them. Minimum stoichiometry factor 

for hydrogen at 1.0, corresponds to zero excess in hydrogen. The overfeeding of gases is usually 

made to avoid starvation. Thus, hydrogen excess is allowed, corresponding to stoichiometric 

factor in the range of 1.2 to 1.5 [15].  

The present work proposes to decrease the hydrogen overfeeding by decreasing the anode 

stoichiometry (hydrogen) under the above range while operating the fuel cell on FC-DLC 
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testing protocol, with a low safety limit current density at 0.05 A cm-2, whereas it is usually 

recommended at 0.2 A cm-2. Two stoichiometric conditions are considered here for a 100 cm2 

PEM single cell - H2 = 1.2 or 1.1 - either alone or hybridized with a stack of 3 paralleled 3000 

F SCs. The technique has been extended to a three-fuel cell stack, with observation of each cell 

behavior. Thus, the durability of the single cell and the feasibility with a FC stack on reducing 

such hydrogen excess have been investigated. Therefore, three aspects have been considered in 

this paper by varying the anode stoichiometry: (i) the overall hydrogen saving during one cycle, 

depending on the operating mode, (ii) the durability of the membrane electrode assembly 

(MEA) in a single cell over long-term FC-DLC cyclic operation, and (iii) the feasibility test on 

the stack of three cells.  

 

2. Materials used in experiments 

The single PEM fuel cell (UBzM) of 100 cm² was equipped with a seven-layered 

membrane-electrode assembly (MEA). The MEAs used were composed of a Nafion® 212 

50 µm thick membrane, Pt/C electrodes with a 0.4 mg cm-2 catalyst loading at the cathode and 

0.2 mg cm-2 at the anode, 285 µm thick GDL (Freudenberg) including a macroporous carbon 

substrate (MPS) fiber paper and a carbon black microporous layer (MPL).  

In all tests discussed here, the fuel cell temperature was maintained at 55 oC using a thermostatic 

system, and it was operated at atmospheric pressure. The relative humidity of the inlet air was 

maintained at 57 % while hydrogen was fed dry. Stoichiometric factor 𝜆𝑎𝑖𝑟 was fixed at 2.5 and 

coefficient 𝜆𝐻2 was varied for two different values 1.2 and 1.1, only during cycling protocol 

and not during state-of-health tests for which 𝜆𝐻2was equal to 1.2.  

After inserting MEA in the fuel cell, the fresh MEA was pre-treated at a constant load current 

of 1 A cm-2 for 24 h in order to allow maturation of its various constituents. In all cases, the 

first 100 h of operation after maturation have been conducted with the fuel cell alone, to ensure 

comparable electrical performances of the MEAs. 

Whenever the fuel cell was hybridized, it was hybridized with three supercapacitors of 3000 F 

each used in a parallel stack with the equivalent capacitance of 9000 F, in parallel with two 

0.80 m long Stäubli cables (600 V, 125 A) using 6 mm plugs. This overall circuit formed was 

the hybrid source (HS) for the tests of hybridization.   

3. Methodology 
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The fuel cell was operated using FC-DLC cycling protocol, which takes 20 minutes per 

cycle. In that period, current and voltage of both the PEMFC and SCs were measured and 

recorded every 0.1 s along with the set points of both gas flow rates and the reference value of 

the load current imposed in the cycle. The load current was varied from 0 to 100 A (0 –

1 A cm- 2). The safety limit current density is generally recommended by European Union in 

FC-DLC cycling protocol as 0.2 A cm-2, to evacuate the excess of water produced in a cycle, 

this implies larger amounts of hydrogen per cycle to be fed. Thus, to reduce the significance of 

the point, tests were conducted with a limit current density reduced to 0.05 A cm– 2. Therefore, 

the testing protocol was improved starting from FC-DLC cycling protocol.  

In this paper, “hydrogen consumption” denotes the hydrogen amount supplied to the FC, 

not the amount actually oxidised at the anode, and “overconsumption” refers to the deviation 

between the fuel gas fed and that oxidised. 

The test bench was controlled by Control-desk software with a dSPACE® real-time electronic 

card with Matlab-Simulink® mathematical environment for all essential control parameters, 

data acquisition and safety shutdown as used in a previous work [13].  

The objective of this study is (i) to understand the reduction in hydrogen overconsumption upon 

decreasing hydrogen stoichiometry from 1.2 to 1.1, (ii) to investigate the impact of varying 

hydrogen stoichiometry on the degradation of the MEA, with and without the presence of SCs, 

and (iii) to study the feasibility of reducing hydrogen stoichiometry in a small stack of fuel 

cells.  

3.1. Hydrogen supply 

The volume of hydrogen supplied in one cycle is obtained from measurements by integrating 

the hydrogen flow rate over the cycle period. As expressed above, the hydrogen supplied to the 

fuel cell operating alone includes three factors; (i) the stoichiometric factor of hydrogen which 

generates here a 20 % or 10% excess, (ii) the 5 s time anticipation in the hydrogen flowrate, 

and (iii) the safety limit current density, iSL, here at 0.05 A cm- 2. Thus, the gases supplied to 

the FC alone along with these factors are based on the current density delivered by the fuel cell, 

iFC, which is equivalent to the load current demand by the cycle. However, in hybridized 

configuration, the gases were supplied to the FC with the previous factors (i) and (iii) and 

always based on the current density delivered by the fuel cell, iFC, but in this configuration, the 

fuel cell current is not equal to the load current demand during the transient period. Therefore, 

considering no H2 excess supplied, and the mean current of the FC-DLC, i.e. 27.7 A, the amount 
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of hydrogen consumed in one cycle is 3.86 NL (normal liters at 273.15 K and 1 atm) as per 

Faraday's law, beyond which it is considered as overconsumption or excess.  

3.2. The durability of hybridized or non-hybridized single fuel cell 

To study the durability of the fuel cell, long-term runs were carried out and they were 

interrupted by the state-of-health tests of the MEA, after every 100 h of cycling test. Initially, 

the first state of health assessment of the MEA was done just after pre-conditioning (maturation) 

at 1 A cm-2 for 24 h. The state of health of the MEA was studied in terms of membrane 

resistance, catalyst activity, mass transport capacities of the MEA, available active surface area 

and fuel crossover. Various electrochemical characterization techniques were employed for this 

purpose, namely chronopotentiometry, electrochemical impedance spectroscopy (EIS), cyclic 

voltammetry and linear sweep voltammetry. Runs were carried out for approx. 1000 hours, 

unless the MEA collapsed before, as commented in Section 4. 

Additionally, to study the reasons for performance loss due to gas diffusion layer (GDL) 

degradation, the surface morphology of the GDLs was observed by using scanning electron 

microscopy (SEM), after each test. The main role of the gas diffusion layer (GDL) in PEM fuel 

cells is to distribute reactants on the active surfaces of the electrodes. Additionally, it has to 

ensure proper water and gas transport phenomena occurring in the fuel cell. In particular, the 

main purpose of the MPL in the GDL is to aid in the contact with the electrode, and in water 

management due to its suitable hydrophobicity [16-17]: this layer is prone to degradation in 

long-term tests.  

3.3. Feasibility of hybridized or non-hybridized fuel cell stack 

Feasibility of varying hydrogen stoichiometry on the fuel cell stack was studied with a fuel cell 

stack of three cells. Similar tests of hybridized and non-hybridized configurations were 

performed while varying the stoichiometry of hydrogen from 1.2 to 1.1. The tests were 

performed using the same cycling protocol and the rest of the conditions were maintained the 

same as that of the single cell test bench. The supercapacitors used in the hybrid source were 

unchanged, with the same equivalent capacitance. However, these tests were no-long term 

experiments, conducted to assert that these parameters optimized in single FC are applicable in 

FC stacks too.  

4. Results and discussion 

4.1. Effect of hydrogen supply  
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Fig. 1a presents the volume of hydrogen supplied during one cycle of FC-DLC as per various 

configurations, planned in the study. This shows that the maximum amount of hydrogen was 

supplied in the configuration of non-hybridized FC with 𝜆𝐻2= 1.2, which includes 28 % of 

overconsumption when compared to the minimum requirement detailed from Faraday's law and 

the cycling operation. This overconsumption included anticipation of 5 s, excess hydrogen 

stoichiometry and also the hydrogen supply associated with safety limit current density, here at 

0.05 A cm-2. However, when the FC was hybridized with supercapacitors, the hydrogen 

overconsumption was reduced to only 20 %, because time anticipation was not applied, and 

safety limit current density was always lower than the fuel cell current, since supercapacitors 

supply instantly the energy to the cycle demand. Thus, direct hybridization allowed saving 

hydrogen.  

This hydrogen saving was further improved by reducing the stoichiometry of hydrogen, 

corresponding to only 10 % excess in case of hybridized fuel cell configuration. This reduction 

in hydrogen stoichiometry with non-hybridized fuel cell was not possible as the fuel cell was 

found to be starving in case of high current step demand. This once again highlighted the 

advantage of FC hybridization with SCs over conventional FC use.   

Fig. 1b shows the hydrogen consumption during the FC-DLC testing conditions, over one 

cycle with respect to the current demand. For the fuel cell alone, the hydrogen supply changed 

5 s before the current step, whereas, for the other two configurations, due to the presence of 

supercapacitors, the cell current was smoothed and thus so was the hydrogen consumption. 

Therefore, for hybrid configurations, the hydrogen consumption is less than that of the fuel cell 

alone. In the case of lower stoichiometry, the hydrogen consumption decreased, as evidenced 

in this Figure.  

4.2. Effect on current and voltage profiles of non-hybridized or hybridized single fuel cell 

Fig. 2 shows the current profile corresponding to the FC-DLC testing protocol, and the 

voltage response of the single cell, for different configurations such as FC non-hybridized or 

hybridized operation, along with varying hydrogen stoichiometry.  

For a fuel cell alone configuration with hydrogen stoichiometry at 1.2, the current was 

totally supplied by the fuel cell, thus, it perfectly followed the cycle demand and the voltage 

response profile exhibits also sharp variations with time. For fuel cell hybrid configurations, 

the current and voltage profiles illustrate the smoothing effect of the supercapacitors. 

Interestingly, the current and voltage responses of the fuel cell followed each other for both 
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hydrogen stoichiometric conditions, with very comparable cell voltage at the highest current 

demands.  

The fuel cell yield for the different configurations is presented in Figure 3. This yield is 

defined by the energy supplied by the fuel cell during the cycling operation in Wh over the fuel 

supplied to the fuel cell in normal liters (NL) of hydrogen [18]. This figure indicates that fuel 

cell alone at higher stoichiometry has the lowest yield when compared to the fuel cell hybrid 

configurations. By mere changing the excess in fuel – from 20% to 10% -, the yield of the fuel 

cell increased from 29 % to 43 % compared to FC alone, thus indicating clearly the advantage 

of the hybridization. The values given in Fig. 3, ranging from 1.05 to 1.5 Wh NL-1 of H2 have 

to be referred to the enthalpy difference of the water/H2-O2 system, i.e. for 1 NL hydrogen, near 

3.53 Wh NL-1. 

4.3. Effect on long term operation.  

The results acquired from polarization curves at the beginning (after 100 h of operation) and 

the end of life for the three configurations are reported by difference in voltages (U)  

represented by U100 - Uend, in Fig. 4. For all the three configurations, the voltage response was 

measured after 100 h of cycling operation for the single cell alone and after 687 h of operation 

for non-hybridized configuration – for which no power could be produced afterwards - and 

approximately after 1000 h in case of hybrid configurations: in this latter case long-term runs 

were deliberately stopped after that period. 

For fuel cell alone configuration, the significant decay in performance and the MEA 

collapse after 687 hours, could be attributed to the increasing mass transfer over potential as 

the voltage response exhibits an accelerated degradation at high currents. The reasons for lower 

durability were further investigated. On the contrary, in hybridized configuration, change in 

hydrogen stoichiometry does not considerably affect the performance of the single cell. In fact, 

under high current demand, the cell was not fuel starved even with a low hydrogen 

stoichiometry – as indicated by the still fair voltage values, thus, lower cell degradation can be 

expected. Moreover, this indicates that the hydrogen excess might be further reduced but only 

in case of hybrid configurations.  

4.4. Effect on FC electrochemical features in long-term runs 

Interpretation of the spectra obtained by performing EIS technique after every 100 h of fuel 

cell operation for all the configurations as described in a previous paper [13] was carried out to 
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estimate the ohmic resistance, RΩ, the cathode charge transfer resistance, Rct, and the diffusion 

resistance of the cathode, Rdc related to the Warburg placed in series with Rct in the cathode 

circuit.  

The ohmic resistance did not significantly change along the ageing runs, being all the time 

near 0.2  cm2 (data not shown). Fig. 5a shows the variation of the charge transfer resistance, 

Rct , and Fig. 5b shows for the diffusion resistance, Rdc over the overall period of the fuel cell 

operation for different configurations and varying hydrogen stoichiometry. Both resistances 

were estimated separetely at 0.2 A cm-2. At high current density, e.g. 0.8 A cm-2, the 

contribution of the two resistances could not be differentiated, due to significant overlapping of 

the two loops, therefore the sum of (Rct + Rdc) was presented in Fig. 5c as a function of time of 

fuel cell operation.  

All the three figures, categorically indicate that the variation of hydrogen stoichiometry is 

not detrimental to the state of the health of the fuel cell, in case of hybridized configuration. For 

both stoichiometry conditions, the resistance data were very comparable. The 0.1 Ω cm2 

deviation in Rct (Fig. 5a) is presumably due to the manufacturing conditions of the MEA and 

also to the fitting accuracy in extracting values, and not to stoichiometric conditions. Moreover, 

the resistances remained very constant over the 1000 h long runs, expressing no significant 

degradation of the membrane-electrode assembly. However, in case of fuel cell alone 

configuration, these resistances present a noticeable increase in the last 200 h of operation, 

before its end of life. The resistances were approximately twice at the end of life, supposing 

degradation of both the catalytic layer and the gas diffusion layer. Thus, the lower durability of 

the fuel cell without hybridization appears expectable.  

Along with the membrane resistances, hydrogen crossover and electrochemical active 

surface area (ECSA) of the catalyst were evaluated. The results of the hybrid configurations do 

not reveal any significant impact of hydrogen excess variation, as shown in Table 1. For 

hybridized configuration, these data are in perfect agreement with the time variations of the 

resistances, which shows no variations, regardless of hydrogen supplied. In contrast, the data 

with the non-hybridized cell, reveal significant variations, i.e. increase in hydrogen crossover 

and decrease in ECSA, directing towards lower durability of the FC alone.  
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Table 1: Hydrogen crossover and ECSA for FC hybridized at two hydrogen stoichiometric 

conditions and FC alone, at 100 h and at the end of the runs.  

 FC alone 

(100 h and 687 

h) 

FC hybrid, 𝜆𝐻2= 

1.2 

(100 h to 1044 h) 

FC hybrid, 𝜆𝐻2= 

1.1 

(100 h to 1039 h) 

Hydrogen crossover /mA cm-2 18 % increase 2 % decrease 4 % increase 

ECSA /cm2 Pt cm-2 electrode 43 % decrease 21 % decrease 14 % decrease 

 

4.5. Effect on GDL morphologies  

As the membrane and the catalytic layer do not seem to be well informative, the 

investigations have been focussed on the macroporous layer (MPL) of the GDL in order to 

search for the evidence for the different durability of hybridized and non-hybridized 

configurations. The aged MEA were carefully dismantled for SEM observations of the GDL. 

The aspects of the MPL surfaces of the GDL are presented in Fig. 6, from the anode side (Fig. 

6a, 6c, and 6e) and the cathode side (Fig. 6b, 6d, and 6f).   

For all the three configurations, the images from the anode side revealed no noteworthy 

difference in surface aspect, neither hybridization nor the hydrogen stoichiometry impacted 

visibly the anode side of the MPL. For the cathode side, the pictures from the hybrid 

configurations do not reveal any significant change on the MPL surface. This supported that 

even the morphology of the GDL was not noteworthy affected by the hydrogen stoichiometric 

conditions. Besides, a striking difference in cathode MPL surfaces was observed with the non-

hybridization configuration: as a matter of fact, without hybridization, the GDL surface exhibits 

significant loss of MPL. The MPL structure and adherence to the GDL seems to have been 

strongly affected by long term-cycling without supercapacitors. The clear degradation of the 

MPL substantiates hydrophobicity loss of the GDL and degrades water management capacity 

of the overall GDL: the likely occurrence of local flooding may further accelerate the MPL 

delamination.  

Therefore, the minimum fuel cell voltage at the highest current density obtained during each 

cycle has been compared for interpretation (Fig. 7). Regular sudden voltage drops with an 

amplitude far larger than 100 mV, observed in the non-hybridized fuel cell voltage, appear 

highlighting flooding. Such sudden voltage drops were not visible in case of the hybridized fuel 

cell operations. The reason for the flooding in non-hybridized fuel cell operation was attributed 

to the low hydrogen flowrate during the low current density phase of the cycle. The amount of 

water actually produced in the high current density phase (from 850 to 1150 s) has to be partly 
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evacuated during the low current density phase, i.e. for the end of the cycle and the first minutes 

of the next one. The low amount of hydrogen during this low current density phase does not 

allow to evacuate this excess of water, which is undoubtedly partly in liquid phase. This excess 

water, thus, delaminates the MPL at the cathode, from the substrate layer along time and 

possibly erodes its structure, leading to loss of hydrophobicity, which consequently enhances 

the flooding. This directly impacts the FC performance and hence, reduces dramatically its 

durability.   

One can notice that this phenomenon was not evidenced in the hybrid configurations 

because the fuel cell current was then smoothed, as well as the water production rate, due to the 

filtering effect of the supercapacitors. Along with that for hybrid configurations, a sharp voltage 

increase was observed after each characterization, in Fig. 7. This voltage increase is partially 

due to voltammetric investigations, particularly due to the low voltage periods in which slightly 

oxidized Pt clusters can be reduced back to metal Pt [13]. 

4.6. Effect on current and voltage profile of non-hybridized or hybridized fuel cell stack  

The achievement in a single FC hybridized with SC on a long term experiment at a 

stoichiometric factor of 1.1, let us willing to check its feasibility with a FC stack: while 

defending for the performance and the durability of the system, it is very important to test the 

feasibility on a larger scale. The fuel cell test bench was therefore scaled up from a single cell 

to a stack of three cells. Cycling tests have been carried out for a few hours only. 

Fig. 8a shows the effect of hydrogen stoichiometry on the response of the fuel cell stack, 

with or without its hybridization by the same SC combination. This figure indicates a similar 

response, when compared to single fuel cell operation, for the two hybridization configurations, 

however with voltage levels approx. 3 times larger. Invariably, it revealed no significant impact 

on the fuel cell stack operation. In addition, this figure does not show the behavior of the 3 cells 

without hybridization at lower stoichiometry since such operation could not be safely 

conducted: this indicated another advantage of hybridization.  

Fig. 8b shows the current and individual voltage responses of the fuel cell stack to the testing 

protocol at the hybridized fuel cell configuration in case of reduced hydrogen stoichiometric 

condition 𝜆𝐻2= 1.1). This figure asserts the feasibility of this reduced condition without being 

detrimental to even the individual cell of the stack. The performance of the individual fuel cell 

was also very comparable, which can be inferred from this figure. The unequal behaviour of 

fuel cell stack at high current density was observed. It is perhaps due to unevenness of the gas 
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distribution in the three cells as each individual cell might be fed at hydrogen stoichiometry 

slightly different from 1.1, such non uniform distribution of gas with this stack technology was 

already observed [19]. 

5. Conclusion  

This investigation has been conducted in view to reducing the hydrogen feed in FC-DLC 

cyclic operation: while operating with low safety limit current (0.05 A cm-2), attempts were 

made to reduce the hydrogen stoichiometric factor from 1.2 to a lower level. The single cell 

with hydrogen stoichiometry as 1.1, cannot be studied without hybridization because the 

voltage of the fuel cell suddenly decreased too much during cycling at high current density. 

However, the single cell with hydrogen stoichiometry as 1.2, was operated until 687 h of 

cycling operation. This lower durability is mainly attributed to local flooding in the fuel cell, 

which is the consequence of the MPL loss from GDL, which was responsible for the 

hydrophobicity. The flooding in the fuel cell was identified by the sudden voltage drops at the 

high current density. The EIS data confirmed the increase in the diffusion resistance and LSV 

and CV data indicated towards increase in hydrogen crossover and decrease in active surface 

area, respectively. Finally, the MPL detachment and loss were clearly detected by the ex-situ 

SEM images.  

In the case of the hybridized single fuel cell at both the hydrogen stoichiometric conditions, 

the performance of the configurations was very similar and both tests were voluntarily stopped 

after approx. 1000 h of cycling operation. EIS data confirmed that the reduction in hydrogen 

excess has no visible impact on the ohmic and transfer resistances, nor on the overall 

performance of the hybridized cell. The fairly flat profiles of hydrogen crossover and active 

surface area of the catalyst support the durability of the fuel cell. Thus, hybrid configurations 

do not reveal any significant modification, which contradicts the usual statement according to 

which operation at reduced hydrogen stoichiometry (down to 1.1) can be detrimental to the fuel 

cell core.  

In addition, the hydrogen overconsumption was reduced from 28 % to 20 % by hybridization 

and could be further reduced to 10 % by reducing hydrogen stoichiometry during FC-DLC 

operation when 𝜆𝐻2 is reduced at 1.1. 

To check the feasibility of the idea of reducing hydrogen stoichiometry on fuel cell stack, 

few hours of FC-DLC tests were done on different configurations. The results were similar to 

the single cell fuel cell operation. A variation in hydrogen stoichiometry produces no impact 
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on the hybrid fuel cell stack. To check the impact of reduced hydrogen excess on the 

performance of hybridized fuel cell and each cell in a stack, the voltage response on FC-DLC 

was measured. The voltage response of each cell in a stack was found comparable, even if not 

equal likely due to slightly uneven fluidic distribution.  

In further work, currently in progress, the study extends to search the feasibility of such 

hydrogen excess reduction in the fuel cell stack for long-term runs.  
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Figure 1: Hydrogen consumption in the fuel cell depending on the operating and hybridization 

conditions. a) Hydrogen consumption and overconsumption per FC_DLC cycle in a single 

fuel cell; b) Hydrogen supply in a cycle with variable current load 
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Figure 2: Voltage and current profile in a cycle for single fuel cell at different configurations 

 

  



18 
 

Figure 3: Energy yield of a single hybrid fuel cell compared to fuel cell alone at different 

configurations. 
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Figure 4: Voltages obtained from polarization curves at the beginning (after 100 h of 

operation) and the end of life for the three configurations and are reported by difference in 

voltages (U) represented by U100 - Uend.  
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Figure 5: Time variations of the resistance of the MEA in long-term runs: Effect of 

stoichiometry and hybridization state on a) charge transfer resistance Rct at i = 0.2 A cm-2, 

b) diffusion resistance Rdc at i = 0.2 A cm-2 and c) the sum (Rct + Rdc) at i = 0.8 A cm-2. 
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Figure 6: SEM images for different aged GDLs for configurations of hybridized FC at λʜ₂ = 

1.2 (a – anode side and b – cathode side), hybridized FC at λʜ2= 1.1 (c – anode side and d– 

cathode side) after 1000 h, and FC alone after 687 h (e – anode side and f – cathode side). 
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Figure 7: Variation of the minimum voltage in a cycle during long-term runs for FC alone or 

hybridized at different conditions. 
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Figure 8: a) Voltage and current profiles in the three- cell stack at different configurations; b) 

Voltage profile of individual cells in the hybridized stack at λʜ2 = 1.1. 

 

 

  



24 
 

Graphical Abstract 

 

Hydrogen saving  

Feasible operation 


