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Abstract

Multi-phasic electrochemical systems such as electrolyzers or metal-air batteries are intimately linked to energy transition and are at the 
heart of new scientific advances and modern industrial development. The presence of gas phases, inherent to the processes, directly impacts 
the performance and stability of the systems. In this study, we propose different ways to improve the dynamics of bubble evacuation, 
through forced convection (flow systems), and natural convection (electrode design and cell geometry). By analyzing the links between the 
electrochemical kinetics and active surface electrode variations, we show that forced convection is an excellent way to decrease the overall 
energy cost and reduce the harmful impact of gas bubbles. Regarding natural evacuation, adapted electrode or cell designs also allow to 
improve performances, without adding external hydraulic circuit.

Keywords: Electrochemistry, Sustainable development, Multi-phasic environments

Introduction

The context of sustainable development calls for the 
development of new technologies closely related to the 
water-energy nexus. In order to meet the growing need of 
energy, metal-air batteries (storage systems) and electrolyzers 
(H2 production) are becoming crucial elements for the energy 
transition. 

These electrochemical technologies are based on 
mechanisms involving a gas phase generation inside a liquid 
electrolyte. These systems are then characterized by the 
presence of 3 phases (solid electrode, liquid electrolyte, and 
generated gas phase) [1]. The control of the evacuation of the 
gaseous phases is an important point which directly impacts 
the energy performances and the stability of the systems 
[2]. In the last ten years different technologies have been 
proposed to limit the impact of gas bubbles on the electrodes. 
Chu et al. [3], inspired by the breathing mechanism, proposes 

to work with porous electrodes which allow the arrival and 
departure of gas without the formation of bubbles. Other 
studies reported that structuration of the electrode surfaces 
at the micron scale may facilitate the gas bubble release and 
avoid the pinning of large bubbles at the electrode surface [4-
5]. Despite improving the bubble departure from electrode 
surface, new materials for efficient electrocatalyst of hydrogen 
production (HER) have been recently proposed by Chang 
Ming et al. [6,7].

From a more fundamental point of view, the study of the 
impact of bubbles on these systems brings new information on 
the oscillatory behaviors in electrochemical processes [8-13]. 
The analysis of the impact of gaseous phases on the systems 
allows to improve both the fundamental understanding of 
the interactions between electrodes, electrolyte and reaction 
products, but also the performances of existing technologies.

With this in mind, we propose in this paper to summarize 
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different possibilities to improve the diphasic fluidic involved 
in these systems. Effect of forced and natural convection are 
studied and quantified in different situations. We focus here 
on: flow systems and cell geometries. These experimental 
results are coupled with numerical simulations to find and 
understand the keys for the optimization of such devices. 
Strategies for the synthesis of new electrode materials are 
proposed.

Materials and Methods

The two systems studied in the present work corresponds to 
a Pt-C electrolyzer and a Zn-O2 battery submitted to charge 
conditions. 

Electrolyte: 

For the Platinum-Carbon cell, the electrolyte used to study 
the effect of the flow on the electrode potentials is an 8M 
aqueous solution of potassium hydroxide. This electrolyte 
is prepared by dissolving KOH (Sigma-Aldrich) in deionized 
water. The high concentration of hydroxide ions ensures the 
high conductivity of the solution. 

For the Zn-air cell, electrolyte containing zincate ions is used 
to ensure zinc electrodeposition. Supersaturated 8M KOH 1 M  
𝑍𝑍𝑍𝑍�𝑂𝑂𝑂𝑂����  

𝑍𝑍𝑍𝑍 � 4𝑂𝑂𝑂𝑂� → 𝑍𝑍𝑍𝑍�𝑂𝑂𝑂𝑂����  � 2𝑒𝑒� 

Pt electrode: 4 OH�  ⇄  2 H�O���  �  O� ���  �  4e� (OER)  

C electrode: 2 H�O���  �  2e�� ⇄  H� � 2 OH� (HER) 

Ni electrode: 4 OH�  → O�  �  2 H�O �  4 e� (OER) 

Zn electrode: Zn�OH����  �  2e� →  Zn �  4OH� (Zn electro-deposition) 

i�  
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��   

���
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𝐸𝐸�𝑡𝑡� � 𝐸𝐸�� �  �����  �𝑙𝑙𝑙𝑙 ������� � � 𝑙𝑙𝑍𝑍 � ��
������ �

��
���  𝑙𝑙𝑙𝑙���𝑡𝑡�� � 𝜂𝜂�𝑡𝑡� (Equation 1). 
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��  𝑒𝑒𝑒𝑒𝑒𝑒 �����
�� �𝐸𝐸�𝑡𝑡� � 𝐸𝐸���� (Equation 2).  

��𝜂𝜂�𝑡𝑡� �𝑆𝑆�𝑡𝑡� � � ��1 𝑆𝑆�𝑡𝑡� � (Equation 3). 

𝑅𝑅� � 𝜌𝜌� ��  

 𝜌𝜌�   

�8𝑀𝑀 𝐾𝐾𝐾𝐾𝐾𝐾,𝜌𝜌� ∼ 0.02 𝛺𝛺 ��  
 𝑅𝑅� ∼ 1 𝛺𝛺 𝑓𝑓𝑓𝑓𝑓𝑓 2 

𝑅𝑅� ∼ 0.5 Ω for 1  

𝑅𝑅� ∝ 1 𝐿𝐿�� .  

𝑅𝑅� ∝ 1 𝐿𝐿�� . 

 1 𝐿𝐿�� ,  
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(𝐷𝐷��������� = 6 10-10 m2/s) 

 J��� �  4𝐷𝐷���������𝐹𝐹𝐹𝐹���������/𝐿𝐿���  

 electrolyte is obtained by a first dissolution under 
agitation regime of 12M (336gr) of KOH (ACS reagent, ≥ 85%, 
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In order to avoid zinc deposition at the counter electrode, 2 
compartments separated by a cationic membrane (Nafion HP) 
are used. The two compartments initially contain a 12 M KOH 
solution. By applying current, zinc dissolution occurs at the 
anode, while HER is performed on a Nickel counter electrode 
(inside the other compartment). This way, the dissolute zinc 
cannot be deposited at the counter electrode because of the 
selective properties of Nafion HP membranes, and in the other 
hand, crossover of hydroxide anions is prevented.

Millifuidics cells, electrodes and hydraulic circuit

Since the 2 studied processes are a Pt-C electrolyzer and 
a Zn-O2 battery in charging mode, both Pt-C and Zn-Ni 
electrochemical flow cells are designed.

The electrochemical cells were 3D-printed by 
stereolithography (SLA) using a Formlabs 3D-printer (Form 3, 
Formlabs). The studied designs are represented in Figure 1a. 
The electrodes are placed inside the central zone (see central 

arrows in Figure 1a), which area is 3.75 cm2 (1.5 x 2.5 cm). 
As shown in Figure 1a, several flow-geometries are studied: 
a 3 channels flow and a V-shape geometry inspired from 
microfluidic designs. In the Zn-Ni electrochemical flow cell 
situation, we use two V-shaped geometries with two different 
distances (gaps) between the two electrodes (1 mm and 2 
mm). 

All electrode materials were obtained from GoodFellow 
(platinum plate, zinc plate, Ni grid), the Nickel grid electrode has 
a mesh size of 550 microns. Electrode potential measurements 
are made using an Ag/AgCl reference electrode (3 M KCl, 
saturated with silver chloride from Sigma-Aldrich), in order to 
isolate the potential of both working and counter electrode. 

A peristaltic pump (VWR PP3300) was used to impose the 
flowing conditions. Electrolyte reservoir is connected to the 
cell using tubing from Saint-Gobin (PharMed BPT) compatible 
with these highly basic solutions (internal radius: 3 mm). 

Electrochemical experiments: A Bio-Logic potentiostat 
(VSP, Biologic) was used to perform electrochemical 
measurements. 

In the Pt-C electrolyzer, oxidation of water occurs at the 
platinum electrode whereas reduction occurs at the carbon 
electrode: 
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For all experiments, flowing conditions are imposed before 
the electrical loads. Between each experiment, flowing 
conditions are imposed during 10 minutes in order to flush 
the residual bubbles and concentration gradients inside the 
cell.

The chronopotentiometry experiment protocol is the 
following: firstly, the system is flushed by applying a 3 mL. s-1 

flow for 10 minutes. Then the electrolyte flow is fixed to its 
desired value (0 mL. s-1 for static experiments, and 1.5 mL. s-1 for 
flowing experiments) and the current is applied for 10 minutes. 
The studied current densities are: 3, 10, 20, and 50 mA. cm-2. 
The potential of the electrodes is recorded by the potentiostat 
at a sampling frequency of 1 Hz. This protocol is inspired from 
previous studies regarding gas evolving electrodes [2].
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Cyclic voltammetry (CV) experiments are performed by 
applying a potential ramp at a fixed scan rate of 20 mV. s-1. Tafel 
parameters are deduced from typical CV experiments [2]. We 
find 
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Analysis of the chronopotentiometry experiments 

Our goal is to measure the surface masked by the bubbles 
during the electrochemical reaction and to determine the 
overpotential associated with this phenomenon. For this we 
analyze the electrochemical reactions. Our analysis is based 
on electrochemical kinetic descriptions, according to Butler-
Volmer equation and previous theoretical models [1,7].

The expression of the voltage at a gas evolving electrode 
measured versus a reference electrode can be expressed as:

 

(Equation 1).
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corresponds to the variation of the active surface and takes 
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Figure 1: CAD of the electrochemical flow cells and cross-sections for the 2 flow designs studied here (a). Linear Tafel functions for the 2 
electrodes studied here (b). Relation between overpotential and free surface (c).
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-even small- in this zone of strong covering led to very 
important variations of potential. Indeed, we notice that:
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 (Equation 3).

Which implies high variations and sensitivity to small bubble 
detachment at low free surfaces.

This theoretical angle is used all along this study in order to 
link electrochemical kinetics to free surface variations. Since 
platinum shows the best OER catalytic performances and is 
well-known to be a model electrode for bubble generation, we 
will mainly focus on this electrode in the first part of this study. 
Comparative measurement on both electrodes in optimal 
configuration will be presented at the end of this section.

Results

Comparison of the V shaped and Channel geometries

We use chronopotentimetry experiments and the previous 
analysis to compare the different modes of bubble evacuation. 
For this purpose, we focus on the Pt-C electrolyzer and more 
precisely on the evolution of the OER reaction at the Platinum 
electrode. The electrolyte is an 8M aqueous solution of 
potassium hydroxide. We start by studying the behavior of the 
cell under forced convection. 	

Forced convection

Figures 2a-2f represent the deduced surface overpotential 
and free surface dynamics for several imposed current at a 
fixed flow rate of 1.5 mL. s-1. Previous results reported that 
electrolyte flow decreases the overvoltage of these types 
of devices [1,8]. Results in Figure 2 confirm this statement 
and show that adapted flow design inspired by microfluidic 
systems can drastically improve this effect. When imposed 
current increases, the 3-channel geometry is not enough 
performant to allow fast bubble evacuation. It results an 
important increase of overpotential due to a free surface 
decrease as reported in Figure 2. 

However, triangular geometry allows to maintain a low 
overpotential: as represented in Figure 2c & 2d. The free 
surface using this geometry is higher, meaning that gas 
accumulation is avoided.

Natural convection

Despite the cell design influence on flowing performances, 
we can get interested on the natural convection in absence 
of any external forces. Improving the performances in these 
conditions allows to avoid the addition of external hydraulic 
circuit. Results of chronopotentiometry without flowing 

 

Figure 2: Results of chronopotentiometry experiments under electrolyte flow (Q = 1.5 mL. s-1) for i = 11 mA, 37.5 mA and 75 mA (from left to 
right). Chart (a) to (c) represent the overpotential due to surface coverage, while (d) to (f) represent the deduced free surface.
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electrolyte are shown in Figure 3. As expected, overpotentials 
and free surface are respectively much higher and lower 
than the experiments under flowing conditions. Oscillations 
induced by bubble detachment increase with imposed 
current, these fluctuations can make the measured signals 
highly unstable as reported in Figure 3c & 3f. Comparison 
between these natural convection results to the ones 
presented in Figure 2 highlights that flowing electrolyte 
reduces the detachment radius (Fritz radius) and suppresses 
electrode instabilities. When imposed current increases, 
measured free surface fluctuates towards 0 which leads to high 
variations of electric signals and performances as recalled by 
Equation 2 and Figure 1c. Comparing geometries shows that 
natural convection occurs in a favorable way for the V-shaped 
geometry. At moderate and high current, the overpotential is 
slightly lower for V-shaped geometry. 

Moreover, at high imposed current the triangular flowing 
design allows to partially limit the instabilities observed in 
channel design, as shown in Figure 3c. This difference should 
signify differences in natural convection occurring at fast 
gas generation. Indeed, the deduced free surfaces plotted 
in Figure 3f show that channel geometry presents high 
frequency peaks towards 0, meaning unstable and brutal 
detachments when the system is mostly covered by bubbles. 
However, V-shaped geometry shows a slightly smoother 
signal, and a decrease of the frequency of the detachment 
peaks.

Fast charge with optimal convection

The results shown in Figures 2 & 3 underline the benefits 
of V-shaped geometry, under flowing electrolyte and natural 
convection. Because of the importance of fast charges for 
electrochemical technologies, we will now focus on this 
V-shaped flow-cell under larger current. Both Zinc-Air battery 
and electrolyzer are studied with respectively Ni and Pt OER 
electrodes. 

Results of electrode potential measurement at 187 mA (50 
mA. cm-2) are presented in Figure 4. For both electrodes, the 
overpotential reaches high values without flowing electrolyte. 
Forced convection allows to reduce the overpotential from 
3.5 to 1 V, which corresponds to an energy gain of 70% in this 
extreme condition. Despite the flow effects, Figure 4a shows 
that the natural convection occurring in this geometry still 
prevents instabilities for Pt electrode. On Ni OER electrode 
(Figure 4b), the system is stable before 5 min, until it reaches 
an oscillating and unstable regime. This difference with 
observed behavior in Figure 4a may be attributed to the 
specific geometry of Ni grid and confirms the role of electrode 
design showed in Figure 4b.

This analysis confirms the advantages of V-shaped geometry 
for natural convection, and strongly underlines the importance 
of well-designed flow systems for the fast charge of gas-
evolving electrochemical technologies.

 

Figure 3: Results of chronopotentiometry experiments under natural convection for i = 11 mA, 37.5 mA and 75 mA (from left to right). Chart 
(a) to (c) represent the overpotential due to surface coverage, while (d) to (f) represent the deduced free surface.
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Fast charge: Influence of the gap in the V shaped 
geometry

Beyond the shape of the channels, the distance between 
the electrodes, in the presence or absence of forced flow is an 
important parameter. It is interesting to reduce this distance 
to decrease the resistance of the cell or to densify the energy 
per unit volume. However, reducing this distance can be 
counterproductive as we will see in the following. To study 

this point, we will focus our study on the Zinc Air battery. 
During the charging process, oxygen is produced at the nickel 
electrode. We analyze the charge of the system at 20 mA. cm-2.

Figure 5b shows the influence of the gap for the Zinc Air 
battery under different flowing conditions. The flow rate being 
the same in both experiments means that the velocity is 2 
times smaller in the 2 mm gap than in the 1 mm gap. The shear 
stress that causes the bubbles to detach from the surface is 

 

Figure 4: Fast charge chronopotentiometry experiments (I = 50 mA. cm-2). (a) Platinum electrode. (b) Ni electrode.

 

Figure 5: Chronopotentiometry of the Zn/O2 battery at 20 mA/cm² for several gaps between the electrodes (a) Static electrolyte (b) Flowing 
electrolyte (Q=1.5 mL. s-1.
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1 mm gap. At 20 mA. cm-2, the difference in electric potential 
between the two studied gaps should be around 30 mV. 
This analysis shows that the slight difference measured in 
Figure 5b could also be explained by conductivity variations 
between the 2 situations. Overall, this 10 mV difference is not 
significant compared to the other results of the present study, 
and flowing electrolyte is efficient for bubble evacuation for 
both gaps. 

On the other hand, static electrolyte conditions in Figure 5a 
should not be submitted to the same rheological description. 
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bubble departure. In this situation the rheological parameters 
are only dependent on cell geometry. Reducing the gap 
should increase the overall hydraulic resistance as 
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This relation underlines that bubble evacuation is improved 
with a 2 mm gap, as shown in Figure 5a. Indeed, with a 1 mm 
gap, the measured potential reaches high values and oscillates 
strongly. On the other hand, results using a 2 mm gap show 
that the evacuation by natural convection is efficient in these 
conditions.
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gaps, but the pressure drop is following 
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 it seems wise to increase the gap to reduce energy 
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  [13]. The applied current is thus higher 
than the calculated limiting one for both situations (gap 1 & 2 
mm). The global overpotential should thus be higher for the 2 
mm gap since the limiting current is 2 times lower than the 1 

mm gap situation. However, we observe the opposite result in 
Figure 5a. Previous studies showed that this limiting current 
calculation underestimates the effective limiting current 
because of local convective vortex at electrodes surface 
[15]. The result in Figure 5a confirms this previous work 
since the overpotential using a 2 mm gap is lower than with 
1 mm gap. The differences between the 2 gaps under static 
electrolyte is explained by the previous analysis: because of 
the modification of cell permeability, natural convection is 
stronger for large gaps and thus leads to higher shear stress at 
the electrode surface. 

On the other hand, limiting current under 
flowing electrolyte (Figure 5b) differs: the relation 
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 cannot be applied since 
the convective flow of electrolyte allows to bring ions to the 
surface and increases drastically the limiting current [16]. 
(>100 mA. cm-2 in our conditions). In this situation, the applied 
current should be lower than the limiting one.

Discussion

Let us now comment all the experimental data seen in this 
study. The overall analysis of the results presented in this 
study allows to quantify and understand the different way to 
improve convection dynamics in multi-phasic electrochemical 
systems. 

The approach used allows us to link electric performances 
(especially stability) with free surface variations for several 
geometries of electrochemical flow-cells and electrodes. As 
previously reported, electrolyte flow drastically enhances 
the performance of such systems. Moreover, it prevents 
from oscillating behavior and improves electrode stability. 
Despite this previously reported result, our experiments show 
that geometry of the flow cell is a crucial point to fully take 
advantage of flowing devices. This point is highlighted by 
Figure 2, where free surface and overpotential become highly 
different according to the used geometry. The importance of 
flow-cell geometry becomes higher at large current density, 
showing that well designed systems are necessary in order to 
perform efficient fast charges. Previous energy consumption 
analysis on this type of flowing designs showed that the 
energy consumption of the flow is neglectable compared to 
the energy gain induced by overpotential decrease [2]. Here, 
we showed in Figure 4 that this energy gain can become 
much higher than previously reported results. Indeed, it can 
reach 70% of the overall electric consumption when processes 
are submitted to fast charge conditions.

From the eyes of industrial development and despite this 
energy gain under operating conditions, one could consider 
the cost of hydraulic equipment, of maintenance and the 
safety risks which can be added. In this regard, Figure 3 and 4a 
showed that microfluidic inspired design limits the unstable 
electrical evolution without electrolyte flow, even at fast 
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charges. However, the overpotential still reaches high values 
and its unstable behavior cannot be completely prevented, 
particularly at high currents.

Comparing natural and forced convection shows that 
electrolyte flow is much higher performant than any 
natural evacuation presented here. In this study, fast charge 
conditions cannot be reasonably achieved without flowing 
conditions (Figure 4). On the other hand, these results have 
shown the importance of geometry on convection for diphasic 
systems, and open the way to new and more efficient designs 
for natural evacuation of gas phases. In addition , numerical 
simulations [7] suggest an important role of electrode design, 
as confirmed by Figure 4. Modified electrode surface by the 
addition of heterogeneous properties of nucleation sites 
(wettability, passivation, rugosity…) combined to improved 
cell geometry could lead to efficient natural evacuation of gas 
phases.

We also show in this study that the distance between the 
electrodes is an important parameter (Figure 5). For static 
electrolyte, we showed that increasing the gap leads to better 
gas evacuation since it decreases hydraulic resistance of the 
cell, and thus allows faster natural convection. When the flow 
rate is imposed, the shear stress is higher in small gaps which 
should theoretically lead to better gas evacuation. However, in 
our conditions we observe no significant difference between 
1 mm and 2 mm gap, meaning that the flowing conditions are 
sufficient here for the evacuation of most of the gas phase.

We showed that the flow and the geometry of the cell 

had a strong impact on the overpotentials. It is at this point 
important to recall another important parameter: the bubble 
size distribution. Simulations previously performed by our 
team [7] points out another way to improve natural convection 
towards electrode design and manufacturing. Indeed, even 
if we promote the use of an electrolyte flow, it is clear that 
improving the natural evacuation of bubbles from this way 
should equally increases the performance of such a cell with 
flow. The results suggest that heterogeneities on electrode 
surface can improve electric stability. Indeed, heterogeneities 
may induce bubbles with various size. A large size distribution 
will cause a large repartition of departure frequencies of 
bubbles at the electrodes and thus a smoother electrical 
signal. Figure 6 represents some results of these simulations 
(reproduced with permission of the authors). Figure 6a 
shows the effect of external convection which induces a 
detachment radius decrease. The results are in agreement 
with experimental measures in Figure 2-4. On the other 
hand, Figure 6b shows the effect of surface heterogeneities 
on electrical oscillations. Wider repartition of nucleation sites 
properties induces wider repartition of frequency departure 
and enhances the stability of the electrode. Let us emphasize 
that numerical simulations taking into account the flow of the 
bubbles in the channel are required to give a comprehensive 
version of the process.

Conclusion

The analysis of diphasic electrochemical flow-processes 
presented in our work shows several ways to improve the 
gas phase evacuation involved in these systems. Linking 

 

Figure 6: Numerical simulation from [7]. (a) Computed electrode electric potential under forced convection and (b) computed electrode 
potential for surface heterogeneities. It is assumed from the experiments that the Friz radius decreases as a function of the stress on the 
electrode.
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electrode free surface to electrochemical kinetics allows us 
to estimate the covered area and highlights its harmful effect 
on performances. Theory predicts that these undesirable 
effects are especially high when the free surface oscillates 
towards 0. Experiments confirm these considerations and 
show that this behavior appears mostly at high currents which 
limits fast charge possibilities. As expected, electrolyte flow 
drastically reduces surface coverage and increases electric 
performances. Comparing cell geometries shows that flow-
design is a key parameter for efficient forced convection. 
V-shaped millifluidic cells show good performances 
compared to previous results [2] and allow to perform fast-
charge conditions without significant surface-overpotential. 
Regarding natural convection, this geometry has the benefits 
to limit the instabilities usually observed at high currents, 
suggesting favorable bubble detachment kinetics. Comparing 
natural and forced convection shows that electrolyte flow is 
clearly the more efficient way to improve performances and is 
the only way to perform efficient fast-charges in our systems. 

Our last results under fast-charge conditions confirm that 
the role of the electrode design is an important parameter to 
consider. Thus, our experimental work combined to simulation 
results open the way to optimized systems, with improved 
flow geometry and electrode surface. Such systems could 
eventually lead to even faster charges without significant 
surface-overpotential and instabilities

Beside this consideration, numerical simulations show that 
the surface design of electrodes can improve the bubble 
detachment kinetics and limit instabilities. One way to do 
this is to create artificial sites of preferential nucleation 
on the electrode that set different Fritz radii. This can be 
performed by creating hydrophobic spots on electrodes [17]. 
This can be done by varying the wettability of the electrode 
(by oxidation) or by using cavities or particles to modify the 
geometry of the surface. Note that the creation of artificial 
nucleation sites is also an approach that allows in the context 
of porous electrodes to ensure that bubbles do not form in the 
pores. This limits the mechanical degradation of the porous 
electrode and facilitates their removal [18]. This work opens 
the door to the design of new performant electrodes. Last but 
not the least, in the perspective it is important to take into 
account that in some situations, the existence of triple line 
liquid-solid-gas may favor the catalysis of the reactions [17]. 
Numerical simulations of bubble flows in confined systems are 
also needed to understand how to promote bubble flow and 
eliminate them [20-22].
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