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Abstract: 

The evolution of hydrogen bubbles plays a critical role in governing the performance 

of Zn-based batteries by influencing Zn deposition, electrode morphology, and mass 

transfer dynamics. This work consolidates recent progress in understanding the dual 

influence of hydrogen bubble evolution on Zn-based batteries, emphasizing its 

implications for mass transfer and electrochemical performance. While presenting 

challenges such as inhomogeneous Zn deposition, dendrite formation, and Zn 

passivation, hydrogen bubble evolution simultaneously facilitates mass transfer by its 

forced convective disturbance. Advanced experimental techniques, including 

electrochemical mass spectrometry, X-ray microscopy, and gas chromatography, are 
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employed to investigate the complex interplay between the hydrogen evolution reaction 

(HER) and Zn deposition. The hydrogen bubbles induced by HER not only promote 

local convection to enhance the transport of zincate or Zn-ions but also serve as 

templates for forming porous Zn structures to increase the electrochemically active 

surface area and accelerate reaction kinetics. Finally, emerging strategies are outlooked 

to mitigate the detrimental effects of HER, while capitalizing on its beneficial properties 

to optimize Zn electrode performance, with the ultimate goal of improving the 

efficiency, safety, and longevity of rechargeable Zn-based energy storage devices.

1. Introduction

Li-ion batteries (LIBs) have long dominated the landscape of electrochemical 

energy storage due to their reliability and high energy density.1, 2 However, safety 

concerns and the finite availability of lithium resources increasingly challenge their 

long-term sustainability.3, 4 These limitations have prompted intensive research into 

alternative systems that are both safer and more sustainable.5, 6 Among these, 

rechargeable Zn-based batteries, including Zn-air, Zn-Ni, and Zn-Ag batteries with 

alkaline electrolytes, as well as Zn-ion batteries with neutral or mildly acidic 

electrolytes, have emerged as compelling candidates.5, 7, 8 Zn-based systems offer 

intrinsic safety, cost-effectiveness, and environmental benefits, underpinned by the 

advantageous properties of Zn metal.9 Historically, a cornerstone in primary battery 

technologies, Zn metal stands out for its abundance and its compatibility with aqueous 

electrolytes, which contrast sharply with the challenges of metallic Li.10-13 Notably, the 

theoretical energy density of Zn-air batteries (1080 W h kg⁻¹) is nearly three times that 
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of LIBs, positioning them as particularly attractive for portable and mobile 

applications.14-16

Despite their promise, Zn-based batteries face critical challenges in achieving high 

reversibility, primarily due to the thermodynamic instability of the Zn metal anode in 

aqueous electrolytes.17-19 This instability manifests as dendritic growth, passivation, 

and hydrogen evolution reaction (HER) at the electrode-electrolyte interface, 

significantly impairing battery performance.20, 21 The HER, in particular, competes with 

Zn electrodeposition and generates hydrogen gas, leading to bubble formation and 

battery swelling.22, 23 These effects not only lower Coulombic efficiency but also 

complicate the electrodeposition process by altering the interfacial dynamics.

Traditional studies have primarily focused on Zn electrodeposition mechanisms, 

and the interplay between HER and Zn electrodeposition has been largely overlooked.24 

The electrochemical reactions involved are summarized below:25-27

• Alkaline electrolyte:

2H2O + 2e− → H2 + 2OH−                                        (1)

[Zn(OH)4]2− + 2e− → Zn + 4OH−                                   (2)

• Neutral electrolyte:

2H+ + 2e− → H2                                                  (3)

Zn2+ + 2e− → Zn                                                 (4)

Furthermore, while electrolyte convection-both natural and forced-has been 

recognized as an important factor influencing Zn electrodeposition, the role of 

hydrogen bubble dynamics in this context remains insufficiently understood.28-31 
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Hydrogen bubble evolution not only reduces the effective surface area for Zn deposition 

but also induces forced convection, potentially enhancing mass transfer. This dual role 

introduces a complex interplay that warrants deeper analysis.

In this review, we critically examine the role of hydrogen bubble evolution in Zn-

based batteries, particularly its influence on mass transfer and Zn electrodeposition in 

both alkaline and neutral electrolytes. We aim to elucidate how HER-induced 

phenomena affect Zn deposition and passivation, providing a comprehensive 

framework to understand these interactions. Additionally, we highlight the potential 

benefits of bubble-induced mass transfer enhancement and discuss innovative strategies 

to harness this behavior for high-performance battery designs. By consolidating recent 

progress and exploring future directions, this work seeks to inspire new ideas and 

methodologies to advance the industrialization of Zn-based energy storage technologies. 

2. Mass Transfer Impact of Hydrogen Bubble Evolution on Zn 

electrodes

Efficient mass transport between the electrode surface and the bulk electrolyte is 

crucial for the electrochemical performance of rechargeable Zn-based batteries. Mass 

transfer occurs through three fundamental mechanisms in this diluted solution: 

diffusion, electromigration, and convection.9, 32, 33 Diffusion arises from concentration 

gradients, while electromigration is driven by electric field gradients. Convection, in 

contrast, results from external or internal forces acting on the electrolyte, encompassing 

natural convection (driven by temperature, density, or gravitational differences) and 

forced convection (arising from external flows or bubble evolution). 
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In Zn-based batteries where diluted solution is used, mass transfer primarily relies 

on diffusion and convection to move zincate or Zn ions (Figure 1).9 During Zn plating, 

solvated ions migrate to the electrode, desolvate, and deposit as metallic Zn. The 

combined mass transport flux is governed by the Nernst-Planck equation (Equation 

5):32

lni
i i i i i i i

z FD c c c c
RT

f gæ ö= - Ñ + Ñ + Ñ +ç ÷
è ø

J v                                    (5)

where Ji is the mass transport flux, Di is the diffusion coefficient of the solution species, 

ci is the concentration of the species, zi is the cationic charge number, F is the Faraday 

constant (96485 C mol-1), R is the universal gas constant (8.314 J mol-1 K-1, T is the 

absolute temperature (K), ϕ is the electric potential (V), 𝛾𝑖 is the activity coefficient of 

species i (dimensionless), and 𝐯 is the hydrodynamic velocity. The equation on the right 

denotes the diffusion, electromigration, non-ideal concentration correction, and 

convection term, respectively.

Figure 1. Diffusion, electro-migration, and convection of zincate (take alkaline media 
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as an example) between the bulk electrolyte and the electrode surface.

Mass transfer is not only pivotal for Zn metal deposition but also directly 

influences the charge/discharge rate of the battery. At high current densities, rapid 

depletion of zincate or Zn ions near the electrode surface leads to concentration 

polarization, where ion concentrations fall to zero at the anode, triggering severe 

performance degradation. This behavior is modeled by Sand’s equation (Equation 6), 

which predicts the onset of Zn dendrite growth:34

22

2
i i a c

i
a

ez cD
J

m mt p
m

æ ö+æ ö= ç ÷ç ÷
è ø è ø

                                              (6)

where τ is the Sand’s time, the critical period before dendrite growth begins, e is the 

electronic charge, ci is the initial concentration of the electrolyte, J is the effective 

electrode current density, μa and μc are the anionic and zincate or Zn ion mobility, 

respectively. Increasing mass transport efficiency can prolong Sand’s time, mitigating 

dendrite formation and improving battery stability. However, parameters in Sand’s 

equation alone are insufficient to ensure uniform Zn deposition. Surface heterogeneity, 

cycling conditions, and competing reactions, such as HER, must also be addressed in 

future research.

High-rate charge/discharge cycles exacerbate concentration polarization, causing 

large voltage losses as described by the Nernst equation (Equation 7):33

ln b

s

cRTV
nF c

æ ö
Ñ = ç ÷

è ø
                                                        (7)

where ΔV is the voltage loss, cb is the bulk Li-ion concentration of the electrolyte, cs is 

the zincate or Zn ion concentration at the surface of the electrode. Severe polarization 
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leads to premature voltage cutoffs, non-uniform deposition, and reduced capacity, 

potentially compromising safety.

Hydrogen bubble evolution introduces additional complexities to mass transfer 

since it generates forced convection by stirring the electrolyte within the mass-transfer 

boundary layer and inducing macroscopic flows through rising bubble swarms. These 

effects can enhance mass transport rates but may also disrupt uniform deposition. 

Controlling the interplay between hydrogen bubble-induced convection and ion 

transport pathways is therefore critical for optimizing electrochemical kinetics and 

improving the performance of rechargeable Zn-based batteries. 

3. Hydrogen bubble evolution on Zn electrodes in alkaline media

Hydrogen evolution on Zn electrodes is more pronounced in alkaline media 

compared to neutral media.26 This is primarily due to the reduced thermodynamic 

stability of Zn in alkaline media and the catalytic promotion of hydrogen evolution by 

the discharge product, ZnO.24 The excessive gas generation during battery operation 

can disrupt the electrode-electrolyte interface, induce non-uniform deposition and 

passivation, and cause battery swelling. Hydrogen evolution on Zn electrodes occurs 

via two mechanisms: chemical corrosion and electrochemical electrolysis. The former 

exacerbates surface inhomogeneity and passivation, while the latter decreases the 

Coulombic efficiency of the battery. The parasitic HER is particularly problematic 

because the standard reduction potential of the Zn/Zn ion couple (-0.76 V vs. SHE) is 

less negative than the HER potential, thermodynamically favoring HER over Zn 

deposition. However, kinetic barriers, including the high overpotential of HER on Zn 
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metal, complicate the actual reaction dynamics.

To study the hydrogen bubble formation mechanism on the zinc electrode more 

precisely, in situ characterization methods can be employed, such as full-electrode 

optical characterization and microscopy characterization. Full-electrode optical 

characterization can track the bubbles directly by imaging, allowing for real-time 

observation of hydrogen generation and detachment on the zinc electrode, and 

providing key information such as bubble size and quantity under different currents.35 

Coupled with differential electrochemical mass spectrometry (DEMS), the generation 

of hydrogen can also be monitored in real-time. Imaging studies, represented by 

electron microscopy techniques, can observe the transformation of certain materials in 

situ during the reaction process, offering a direct understanding of the hydrogen 

evolution reaction (HER) process and tracking the evolution of hydrogen bubble 

evolution on the zinc electrode surface.

Take the commonly used alkaline electrolyte, 6 M KOH, as an example. Zn 

electrodeposition at a modest current density of 20 mA cm-2 exhibits a stable potential 

profile without noticeable hydrogen bubble formation, and the electrode surface retains 

a metallic Zn appearance (Fig. 1a).35 However, at a threshold current density 

of 26 mA cm-2, significant hydrogen evolution begins, accompanied by vigorous 

bubble formation. At higher current densities, such as 40 mA cm-2, bubble evolution 

becomes increasingly severe, leading to pulse-like potential oscillations (Fig. 1a). Each 

potential pulse corresponds to the nucleation, growth, and release of hydrogen bubbles, 

indicating that bubble evolution has a profound effect on the operating stability of Zn-

Page 8 of 38Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
m

ar
s 

20
25

. D
ow

nl
oa

de
d 

on
 1

1.
3.

20
25

 0
3:

32
:5

8.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4NR05108D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr05108d


9

based batteries.

As shown in Fig. 1b, the potential oscillation during Zn electrodeposition at 

40 mA cm-2 can be divided into three distinct phases: Zn precipitation, hydrogen bubble 

evolution, and hydrogen bubble detachment. When hydrogen gas concentration reaches 

saturation, bubbles nucleate and grow on the Zn electrode. Interestingly, cyclic 

voltammetry (CV) tests (Fig. 1c) reveal two distinct peaks during reduction. The first 

peak corresponds to Zn deposition, while the second represents hydrogen bubble 

evolution, with an overpotential of approximately 0.55 V for the latter, significantly 

higher than that for Zn deposition (~0.3 V) from the kinetical view. Hydrogen bubble 

evolution also induces substantial forced convection near the electrode surface, 

enhancing zincate ion transport through vortex-induced disturbances (Fig. 2d). This 

bubble-induced convection replenishes the zincate concentration, enabling subsequent 

Zn deposition (Fig. 2e). The pulse-like nature of hydrogen bubble evolution, rather than 

continuous evolution, reflects the interplay between localized mass transfer 

enhancement and transient depletion. After multiple oscillation cycles, Zn deposition 

eventually stabilizes, forming a porous Zn layer with dendritic structures (Fig. 2f-h). At 

this steady stage, the increased electrode surface area reduces the actual current density, 

lowering the overpotential and effectively suppressing parasitic HER. This self-

regulating behavior highlights the complex interdependence between hydrogen bubble 

evolution, mass transfer, and Zn electrodeposition in alkaline Zn-based batteries.
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Fig. 2 (a) Potential profiles during Zn deposition at current densities of 20, 26, and 40 

mA cm-2, along with electrode images at 20 and 40 mA cm-2. (b) Potential oscillations 

with characteristic parameters. (c) CV curve of symmetric Zn electrodes. (d) Zincate 

ion concentration distribution with and without bubble separation. (e) Schematic of the 

potential oscillation mechanism. (f) Potential evolution at 30, 45, and 60 mA cm-2 over 

30 minutes. (g and h) The SEM images of oscillatory and steady-state morphologies 

corresponding to the condition of the zinc electrode surface at the initial irregular stage 

and the end stable regular stage (Fig. 2f) within a current density of 45 mA cm-2, 

respectively.Reproduced from ref. 35 with permission from Elsevier, copyright 2022.

Although hydrogen bubble evolution enhances convective mass transfer in the 

electrolyte, it ultimately induces non-uniform Zn deposition and promotes dendrite 
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formation overall. In-situ observations (Fig. 3a) and simulations by the finite element 

method (FEM) (Fig. 3d) reveal that during bubble detachment, the active electrode 

surface is significantly reduced and concentrated primarily at the bottom of the 

electrode, as the upper regions remain covered by bubbles. This phenomenon arises 

from bubble detachment along the buoyancy direction, leaving the upper part of the 

electrode temporarily isolated from the electrolyte. As a result, the localized high 

current density at the bottom promotes excessive Zn deposition in this region (Fig. 3b), 

while the upper surface remains underutilized. Over time, as bubbles continue to detach 

and expose more of the electrode surface, a progressively thicker Zn layer forms from 

the top to the bottom. This uneven deposition pattern becomes increasingly pronounced 

during long-term cycling. Numerical simulations by Tan et al. further illustrate the 

effect of hydrogen bubbles on deposition behavior.36 As shown in Fig. 3c, the 

concentration of zincate ions near the bottom is significantly lower than at the top, 

exacerbating deposition inhomogeneity. After 20 cycles (Fig. 3d), this effect leads to 

the formation of elongated non-uniform Zn deposition, with protrusion lengths reaching 

~4 mm. These dendrites pose a severe risk of puncturing the separator, creating a direct 

connection between the electrodes and resulting in short-circuiting.
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Fig. 3 (a) Zn electrode surface during initial bubble separation, with active surface 

concentrated at the bottom. (b) Zn electrode morphology after deposition, thicker from 

top to bottom.35 Copyright (2022 and Elsevier). (c) Zincate ion distribution after 10-

min deposition with hydrogen bubbles. (d) Schematical demonstration of the HER 

impact on Zn deposition behavior, Zn electrode protrusion length during cycles, and Zn 

electrode image at the 20th cycle in a symmetric Zn battery at a current density of 10 

mA cm-2.Reproduced from ref. 36 with permission from Elsevier, copyright 2022.

The discussion above highlighted the impact of high current density on hydrogen 

evolution. However, the behavior shifts significantly at low current densities. In this 

context, low current density refers to values below the threshold for pulse-oscillatory 

bubble evolution. As a result, no pulsed bubble evolution occurs, and bubble evolution 
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proceeds at a slow rate. As shown in Fig. 4a, over-extended cycling, parasitic HER, and 

self-discharge corrosion lead to the slow accumulation of bubbles on the Zn electrode. 

Within 25 cycles (~35 hours), small hydrogen bubbles coalesce into larger ones, 

predominantly in the upper region of the electrode due to buoyancy effects. However, 

the most critical challenge remains Zn dendrite formation, which poses a severe risk to 

battery stability. As shown in Fig. 4b, prolonged cycling promotes the growth of long 

dendritic structures, ultimately causing short circuits. Notably, the dendrites extend up 

to ~5 mm in length (Fig. 4c), a dimension sufficient to puncture the separator and create 

direct contact between the electrodes, severely compromising the battery’s safety and 

functionality.

Fig. 4 (a) Zn electrode observation during cycling at a low current density of 5 mA cm-

2. (b) Battery cycle profile. (c) Protrusion length during cycling. Reproduced from ref. 

36 with permission from Elsevier, copyright 2022.
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The aforementioned studies employed a relatively large electrode spacing, suitable 

for fundamental research. However, in practical applications, the electrode distance is 

constrained by the thickness of the separator. In earlier research, the primary concern 

regarding hydrogen bubble evolution was the reduction in the effective electrode area, 

leading to increased local current densities and heightened charge/discharge 

polarization. Tian et al. investigated tightly packed Zn-Ni batteries under long-term 

cycling conditions.37 Regardless of whether a robust grafted polypropylene separator 

or a macroporous nonwoven fabric separator was used, substantial hydrogen bubbles 

accumulated between the separator and the Zn electrode (Fig. 5a). These bubbles 

impaired the active Zn reaction surface by creating voids that disrupted electrode-

electrolyte contact and hindered mass transport. Moreover, hydrogen bubbles 

introduced an intriguing phenomenon: ZnO particles preferentially formed in regions 

matching the bubble's footprint. These ZnO deposits appeared as thin, centralized layers 

surrounded by thicker peripheral regions, effectively mirroring the bubble templates 

(Figs. 5b and 5c), as confirmed by X-ray diffraction. This phenomenon arises because 

hydrogen bubbles generated during charging are localized in the middle of the electrode, 

where gas diffusion is restricted. Consequently, the electrolyte penetration into these 

regions is limited, suppressing active material formation. Conversely, regions not 

covered by bubbles remain electrochemically active. In one cycle (Fig. 5a), many small 

bubbles formed on the rear side of the anode, and the discharge-specific capacity 

increased from 141.2 to 185.7 mAh g-¹ (Fig. 5d).

The mechanism underlying this behavior is associated with the charge-discharge 
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dynamics of the Zn electrode, involving ZnO dissolution and Zn(OH)₄²- diffusion. 

Newman et al. proposed that the electrolyte composition (primarily Zn(OH)₄²- and OH-) 

drives convective mass transfer parallel to the Zn electrode surface.38, 39 During 

charging, the hydrogen bubbles act as a barrier, redirecting the electrolyte flow from 

the electrode's center to its edges, while supersaturated Zn(OH)₄²- diffuses from the 

edges toward the center. This process reverses during discharging. Given the high 

solubility of ZnO in the commonly used 6 M KOH electrolyte, the repetitive dissolution 

and redeposition of active material are intense, ultimately reshaping the Zn electrode 

(Fig. 5c) after multiple cycles.

Fig. 5 (a) Hydrogen bubble formation on Zn electrode back. (b) Schematic diagram of 

the hydrogen bubble effect on Zn electrode deformation. (c) Zn anode after 210 cycles. 

(d) Electrochemical performance before/after bubble extrusion. Reproduced from ref. 

37 with permission from Springer, copyright 2021.

To quantitatively assess the convection effect induced by hydrogen bubbles, 

Dominique et al. introduced the mass transfer coefficient in its dimensionless form, the 

Sherwood number (Sh), which represents the ratio of convective to pure diffusive mass 
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transfer.40 By utilizing polarization curves, they effectively separated the contributions 

of Zn deposition and hydrogen evolution currents. This approach enabled the 

distinction between natural convection and bubble-induced convection effects, which 

followed an additive law. Notably, hydrogen evolution occurred at more negative 

potentials than those required to reach the limiting current density for Zn deposition.

As the Zn concentration and hydrogen current density increase, the contribution 

of bubble-induced convection to mass transfer is found to surpass that of natural 

convection.40, 41 At high Zn concentrations and current densities, bubble-induced 

convection became the dominant factor, as illustrated in Fig. 6a, despite the relatively 

low hydrogen current efficiency (~3.3%). This underscores the significant role of 

bubbles in enhancing mass transfer. Furthermore, the dimensionless correlation 

provided in Fig. 6b emerged as a robust tool for predicting mass transfer coefficients 

across various bubble-evolving systems, offering valuable insights into the impact of 

bubble-induced convection:

St⋅Sc0.5=0.035(Fr⋅Re)−0.25                                        (8)

where St is the Stanton number, Sc is the Schmidt number, Fr is the Froude number, 

and Re is the Reynolds number.

Page 16 of 38Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
m

ar
s 

20
25

. D
ow

nl
oa

de
d 

on
 1

1.
3.

20
25

 0
3:

32
:5

8.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4NR05108D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr05108d


17

Fig. 6 (a) Sherwood number comparison: natural vs. bubble convection. (b) 

Dimensionless correlation comparison of various systems. Reproduced from ref. 40 with 

permission from IOP Science, copyright 1992. Experimental and simulated (c) 

polarization curves and (d) current efficiencies of Zn electrode, with Zn deposit 

morphologies, at 0.767 M. Reproduced from ref. 42 with permission from Elsevier, 

copyright 2017. (e) Micromosaic electrode (left) and hydrogen bubbles rising along it 

(right). (f) Spatial distribution of mass-transfer rate enhanced by 60 μm hydrogen 

bubbles generated by 8.5 μA current rising within the mass transfer boundary layer. (g) 

Spatial distribution of mass-transfer rate enhanced by 100 μm hydrogen bubbles 
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generated by 30 μA current 750 μm from electrode surface. Reproduced from ref. 28 

with permission from Wiley, copyright 1988.

While the HER reduces current efficiency, the hydrogen bubbles generated by 

HER induce additional convection within the diffusion layer, thereby enhancing the 

transport of zincate ions to the electrode surface. Kosek et al. explored this behavior 

experimentally in a flowing battery system, supported by mathematical modeling.42 As 

shown in Fig. 6c, the polarization curves for the Zn electrode at a zincate concentration 

of 0.767 M reveal that the HER becomes significant near the mass transfer limitation 

for Zn deposition. This disrupts the typical limiting current density plateau, highlighting 

the substantial influence of HER on the Zn deposition mechanism. Furthermore, Fig. 

6d illustrates the variation in current efficiency, which declines markedly at elevated 

current densities due to HER. This effect becomes more pronounced as Zn deposits 

transition to crystalline dendritic morphologies. However, the convection induced by 

rising hydrogen bubbles mitigates some of the efficiency loss by enhancing the 

transport of zincate ions, partially compensating for the adverse effects of HER.

Tobias et al. have extensively studied the bubble-induced convection effect on 

mass transfer, emphasizing its critical role in enhancing mass-transfer rates at solid 

surfaces.28 This effect is particularly important in industrial processes where bubble-

stirring mechanisms are employed to optimize performance. To investigate the mass-

transfer impact of bubble streams near vertical electrodes, a micromosaic electrode was 

employed (left image in Fig. 6e), allowing both spatial and temporal measurements. 

This configuration enables accurate tracking of mass transfer rates at various locations 
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on the electrode surface, thanks to its segmented design. The bubble stream was 

precisely generated at a designated position below the array of monitoring electrodes, 

as shown in the right image of Fig. 6e. Two distinct modes of mass-transfer 

enhancement were identified: bubbles rising within and outside the mass-transfer 

boundary layer. When bubbles rise within the boundary layer, they cause a strong, 

localized, and periodic increase in mass transfer, as illustrated in Fig. 6f. This 

enhancement, which occurs near the electrode surface, is consistent with predictions 

from a surface-renewal model. Conversely, when bubbles rise outside the boundary 

layer, they result in a steady, laminar enhancement, as depicted in Fig. 6g. This more 

uniform increase in mass transfer corresponds with predictions based on the idealized 

entrainment of a liquid cylinder by the bubble stream.

4. Hydrogen bubble evolution on Zn electrodes in neutral media

To quantitatively assess hydrogen evolution in neutral media, Dick et al. employed 

in-situ electrochemical mass spectrometry (ECMS), as depicted in Fig. 7a, to determine 

a correction factor for the Faradaic efficiency of the system with exceptional 

precision.43 During the initial potential sweep from -0.8 V to -1.0 V vs. Ag/AgCl, no 

redox activity was detected (Fig. 7b). A sharp increase in current was observed only 

after surpassing the nucleation barrier at -1.04 V, marking the onset of Zn deposition 

on the Cu substrate. This initial rise in current follows Butler-Volmer kinetics, 

indicating a charge transfer-controlled regime, with no significant HER activity. As the 

potential becomes more negative, Zn clusters begin to form, and HER activity 

intensifies. In the yellow region of Fig. 7b, the current increases sharply, transitioning 
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the system from charge transfer control to diffusion control, driven by the depletion of 

Zn-ion ions near the electrode surface. This diffusion limitation, often linked to dendrite 

formation, impedes Zn electrode performance. Beyond -1.38 V (the green region in Fig. 

7b), the current surges dramatically, driven by uncontrolled Zn dendrite growth and 

exacerbated HER activity, destabilizing the system further.

Fig. 7c presents mass spectrometry data for Zn electrodeposition on a copper 

substrate at a current density of 1.5 mA cm-² for 600 s, followed by 3400 s of relaxation. 

During the deposition phase, only 0.3% of the total charge was associated with HER, 

while the remaining charge was attributed to Zn deposition. The amount of hydrogen 

released was 2.84 nmol (the green region in Fig. 7c). Interestingly, hydrogen production 

continued for thousands of seconds even after the current ceased. Initially, hydrogen is 

likely derived from diffusion within the electrolyte and the release of microscopic 

bubbles trapped in the dendritic Zn matrix. Over time, the nearly constant hydrogen 

flux is attributed to Zn dissolution into Zn-ion, accompanied by HER via a corrosion 

process thermodynamically favored at the given potential and pH. These processes are 

distinctly highlighted in the color regions of Fig. 7c. Assuming that the electrons 

required for HER are entirely supplied by Zn corrosion, the corrosion rate was 

calculated to be 96 pg s-1, a negligible loss compared to the 61 μg of Zn deposited. 

Although this fraction appears minor, it significantly affects the long-term cycling 

performance of the Zn electrode, as shown in Fig. 7d. X-ray tomography reveals voids 

containing Zn clusters formed due to HER-induced bubble evolution. The hydrogen 

bubbles adsorbed on the Zn substrate obstruct Zn-ion flux to the electrode surface, 
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leaving isolated regions without Zn deposition.

Fig. 7 (a) ECMS setup schematic, with WE, RE, and CE representing the working, 

reference, and counter electrodes, respectively, and QMS denoting Quadrupole Mass 

Spectrometer. (b) Linear sweep voltammogram for Zn deposition on Cu electrode in 

0.5 M ZnSO4. (c) Hydrogen evolution vs. time at the current density of 1.5 mA cm-², 

current application (0-600 s) and after it stops (600-4000 s). (d) X-ray tomography 

image of Zn deposited at -1.5 mA cm-² for 10 min, showing void-containing deposits 

(scale bar: 3 mm). The color bar indicates Zn intensity, with red signifying the highest 

and blue the lowest concentration. Reproduced from ref. 43 with permission from Wiley, 
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copyright 2024.

Recently, Wang et al. revisited hydrogen generation during Zn plating and 

stripping using operando gas chromatography (GC) in Zn//Zn symmetric cells with 

common mildly acidic electrolytes (e.g., 1 M ZnSO4 and Zn(OTf)2).44 An H-type cell 

with a Nafion 117 membrane was used to decouple the plating and the stripping 

processes and prevent gas crossover. Surprisingly, in addition to significant H₂ 

evolution during plating, substantial H₂ release was also observed during stripping, 

which is related to the oxidative dissolution of Zn metal exposing fresh Zn surfaces. 

This phenomenon was confirmed to result from enhanced chemical corrosion between 

Zn and interfacial water, rather than electrochemical HER. Furthermore, hydrogen 

evolution was found to increase with current density during stripping, and Raman 

spectroscopy confirmed the presence of water decomposition byproducts, namely 

Zn(OH)₂ and ZnO, on the Zn surfaces after plating and stripping. This is due to the 

local accumulation of OH⁻ at the anode surface induced by HER, which depletes H⁺ 

ions in the vicinity. The elevated OH⁻ concentration reacts with Zn ion and SO₄²⁻ in 

the electrolyte, leading to the formation of poorly reversible byproducts. These 

byproducts, characterized by low ionic conductivity and unstable, loose structures, not 

only impede the efficient plating and stripping of Zn but also expose the Zn anode to 

direct contact with the electrolyte. As a result, HER persists, continuously consuming 

both active Zn and electrolyte, significantly undermining coulombic efficiency. 

Meanwhile, it exacerbates surface heterogeneity and electrode polarization, fostering 

the growth of loose and porous Zn dendrites that ultimately lead to battery failure. 

Page 22 of 38Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
m

ar
s 

20
25

. D
ow

nl
oa

de
d 

on
 1

1.
3.

20
25

 0
3:

32
:5

8.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4NR05108D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr05108d


23

Therefore, it is essential to address this critical HER-induced challenge, alongside 

mitigating passivation and dendrite growth as shown in Fig. 8. The evolution of 

hydrogen bubbles not only compromises battery performance but also undermines the 

inherent safety of aqueous batteries, transforming safe to unsafety.

Fig. 8 (a) Schematical diagram of hydrogen bubble evolution, dendrite growth, and 

passivation issues in Zn electrodes. Reproduced from ref. 24 with permission from 

Elsevier, copyright 2023. (b) Symmetric coin cell before/after standing. Reproduced 

from ref. 45 with permission from Elsevier, copyright 2020. (c) Symmetric pouch cell 

before/after cycling. Reproduced from ref. 46 with permission from American Chemical 

Society (ACS), copyright 2021.

5. Benefits of hydrogen bubble evolution

From the above summary, it is clear that hydrogen bubble evolution hampers mass 

transfer, resulting in inhomogeneous Zn deposition and localized Zn passivation over 

time. However, researchers have also identified certain benefits of hydrogen bubble 

evolution. Powers et al. found that in highly alkaline electrolytes, the Type II ZnO 
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passivation film (a more coherent film of ZnO (type II) inside a precipitated coating of 

ZnO particles (type I film)) that forms on the Zn electrode surface can act as a catalyst 

for hydrogen evolution.47 When the electrode potential surpasses the Zn/ZnO 

equilibrium potential, hydrogen bubbles begin to form on the electrode surface. The 

formation and release of these hydrogen bubbles mechanically disrupt the passivation 

film, effectively reactivating the electrode. This process can be microscopically 

observed, with the formation and detachment of hydrogen bubbles (Fig. 9a) causing the 

rupture (Fig. 9b) and removal of the passivation film, thereby exposing the electrode 

surface to the electrolyte and restoring its electrochemical activity. This hydrogen 

evolution-driven passivation film removal plays a crucial role in electrode reactivation. 

The generation of hydrogen bubbles not only aids in removing the passivation film but 

also helps to prevent the formation of excessively thick oxide layers on the electrode 

surface, thereby preserving its high performance.

Fig. 9 (a) Hydrogen bubble emergence from ZnO film. (b) Crack in ZnO film due to 

hydrogen bubbles. Reproduced from ref. 47 with permission from IOP Science, 

copyright 1971.

Meanwhile, Hwu et al. employed real-time X-ray microscopy to investigate the 
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influence of hydrogen bubble formation on the morphology of ramified Zn 

electrodeposition in mildly acidic media, exploring its potential for controlling this 

process.48 In their study, at current densities near the limiting value (130 mA cm-²), only 

a few hydrogen bubbles appeared, while a stable, dense-branching structure (Fig. 10a, 

image 8) formed gradually over time. The formation of hydrogen bubbles had minimal 

impact on this growth, which was also observed during potentiostatic deposition at low 

potentials. This suggests that the dense-branching morphology is typical in the absence 

of significant bubble interference in mild acidic media. However, at higher current 

densities (200 mA cm-²), hydrogen bubble generation became more prominent, 

inducing a significant morphological shift. Sequential microradiographs (Fig. 10a) 

revealed that bubbles initially covered most of the electrode surface, restricting 

nucleation sites and directing growth. This led to the formation of fern-like dendrites 

with a central stem and evenly spaced side branches (images 1-4). These structures then 

expanded rapidly outward before lateral growth took over, resulting in a dense, top-

heavy deposit (images 5-8). The potential transient curve (Fig. 10b) illustrates three 

distinct stages: an initial voltage rise during double-layer charging, a sharp drop as the 

deposit formed, and a gradual decline as bubble formation diminished. The ramified 

growth increased the cathodic surface area, lowering the potential, while bubble activity 

induced oscillations during the intermediate stage. As bubble generation subsided, the 

potential stabilized, resulting in smooth curves.
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Fig. 10 (a) Microradiographs of Zn deposition on a copper substrate (on the left) with 

galvanostatic plating at the current density of 200 mA cm-2. The images correspond to 

the times of (1) 5.4, (2) 10.6, (3) 15.8, (4) 21, (5) 26.2, (6) 31.4, (7) 47, and (8) 151 s. 

(b) Potential transient curve at the current density of 200 mA cm-2. The arrow labeled 

1-8 corresponds to the microradiographs in (a). (c) Microradiographs of fern-shaped 

dendrites growth at -1.8 V at times of (1) 5.4, (2) 10.6, (3) 15.8, and (4) 21 s. (d) 

Schematic of fern-shaped dendrite formation with hydrogen bubbles and electric field. 
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Reproduced from ref. 48 with permission from IOP Science, copyright 2008.

Fig. 10c illustrates Zn deposition at -1.8 V, where the effects of hydrogen bubble 

evolution predominate, leading to the formation of fern-shaped dendrites. In contrast to 

the galvanostatic mode where dendrites transition to dense-branching structures (Fig. 

10a), the potentiostatic mode preserves the fern-like morphology, a result of differences 

in bubble formation rates. These dendrites, with their extensive electrochemically 

active surface area, are well-suited for Zn-air batteries.49 Figure 10d elucidates the 

mechanism behind fern-shaped dendrite formation. Hydrogen bubbles create two 

distinct regions: a Zn ion-depleted zone between the bubbles and a higher Zn ion 

concentration zone outside. This concentration gradient drives local convection (Fig. 

10d, image 1), facilitating ion supply to the dendrite tip. While hydrogen bubbles inhibit 

lateral growth, the concentrated electric fields at the tip promote rapid vertical growth 

(images 2-3). As the main stem extends beyond the bubbles, side branches form, 

completing the fern-like structure (images 4-5). This study highlights how hydrogen 

bubbles and charging modes influence dendrite morphology, suggesting that controlled 

bubble-induced mass transfer could be utilized to engineer porous Zn electrodes 

tailored for specific applications.

Moreover, hydrogen bubbles that evolved during the process can serve as 

templates for fabricating porous Zn electrodes. Driven by buoyancy, these bubbles 

detach from the Zn surface once they reach a certain size, thus influencing the electrode 

structure. Han et al. introduced a dynamic bubble-template-assisted electrodeposition 

method to produce Zn with a foam-like architecture.50 This technique exploits the 
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interaction between Zn deposition and hydrogen evolution, resulting in the formation 

of Zn foam around the bubbles. Scanning electron microscopy (SEM) images (Figs. 

11a-h) demonstrate that varying Zn-ion concentrations (0.2, 0.1, 0.05, and 0.01 M) lead 

to porous Zn with progressively smaller pore sizes: approximately 300, 130, 40, and 12 

μm, respectively. This observation underscores the influence of Zn-ion concentration 

on pore characteristics. When applied in alkaline Zn-air batteries, the Zn foam exhibits 

significant performance enhancements, as shown in Fig. 11i. In the initial cycle, the 

discharge voltage for the Zn foam reaches 1.33 V, compared to 1.26 V for pure Zn, 

while the charge voltage is 1.96 V for the foam versus 2.28 V for pure Zn. The narrower 

charge-discharge gap of the Zn foam (0.63 V) compared to the Zn foil (1.02 V) 

emphasizes its superior efficiency. The interconnected porous structure facilitates 

efficient mass transport and accelerates reaction kinetics, leading to a substantial 

improvement in the electrochemical performance.
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Fig. 11 Electrodeposited 3D porous Zn structures at various Zn ion concentrations: (a, 

b) 0.2 M, (c, d) 0.1 M, (e, f) 0.05 M, (g, h) 0.01 M. NaBr and C2H3O2NH4 were 3 M 

and 1 M, respectively. (i) Zn-air battery cycling performance tests with a Zn electrode 

deposited with 0.01 M Zn ion and a pure Zn foil: discharge-charge tests at the current 

density of 5 mA cm-2. Reproduced from ref. 50 with permission from Frontiers, 

copyright 2019.

Despite the demonstrated benefits, further investigation is essential to achieve a 

deeper understanding of this complex subject, which integrates electrochemistry, 

electrocatalysis, two-phase fluid dynamics, and mass transport. In addition to 

employing the in situ optical and microscopic observation platforms described above, 

a range of advanced in situ characterization techniques at the atomic scale have been 
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developed in recent years., including in situ Raman characterization, in situ 

photoluminescence, in situ liquid-phase transmission electron microscopy, and in situ 

electrochemical scanning tunneling microscopy, which can also be applied in 

subsequent research.51, 52 Using in situ characterization techniques to trace the evolution 

of intermediates during the hydrogen evolution reaction is key to understanding mass 

transfer at the atomic and molecular level. This allows for the study of various atomic 

interactions, revealing the impact of different sites, and thus unveiling the underlying 

mechanisms of HER. Regarding mitigating strategies, approaches should focus on 

electrode design (e.g., additives such as carbon-based materials, epitaxial deposition, 

crystal orientation design, and alloying techniques), interface engineering (e.g., 

artificial coatings and in situ SEI), and electrolyte optimization (e.g., zinc salts, 

electrolyte additives, hydrogels, organic electrolytes, ionic electrolytes, solid-state 

electrolyte design) to minimize the detrimental effects of hydrogen evolution on zinc 

deposition and improve the overall performance of the system.53

5. Summary and perspective

The evolution of hydrogen bubbles on Zn electrodes has proven to be a double-

edged sword in the development of high-performance Zn-based batteries. On the one 

hand, the hydrogen evolution reaction (HER) contributes to the deterioration of mass 

transfer, leading to inhomogeneous Zn deposition, local passivation, and dendrite 

formation, which ultimately compromises the efficiency and safety of the system. The 

generation of hydrogen bubbles exacerbates surface heterogeneity, accelerates 

electrode polarization, and promotes the growth of porous, unstable Zn dendrites, which 

are key factors in battery failure. Therefore, controlling the HER and mitigating its 
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adverse effects is critical for the long-term stability and efficiency of Zn-based energy 

storage devices. On the other hand, hydrogen bubble evolution offers unique 

advantages that can be harnessed for electrode design. The buoyancy of hydrogen 

bubbles can facilitate the removal of passivation films on the Zn surface, effectively 

reactivating the electrode and maintaining its high electrochemical activity. Moreover, 

hydrogen bubbles have been shown to play a constructive role in shaping porous Zn 

structures, through gas-template-assisted electrodeposition. Recent advancements have 

highlighted the importance of understanding the interplay between hydrogen evolution 

and Zn deposition processes, as well as their influence on electrode morphology. By 

controlling bubble-induced convection, deposition modes, and electrolyte conditions, 

it is possible to engineer desired Zn electrodes tailored for specific applications.

Future research should prioritize the development of innovative strategies to 

mitigate the detrimental effects of hydrogen evolution, while simultaneously exploiting 

its potential benefits. Key efforts should be directed towards refining methods to 

suppress the unwanted HER and to control hydrogen bubble formation and release with 

greater precision. These advances could enhance the efficiency, safety, and long-term 

stability of Zn-based batteries. Approaches such as electrolyte optimization, electrode 

surface engineering, and alloying techniques should be thoroughly explored to 

minimize the adverse impact of HER on Zn deposition and enhance the overall 

performance of the system. At the same time, the beneficial effects of hydrogen bubbles, 

such as their role in enhancing local mass transfer and serving as templates for 

structured electrode formation, should be harnessed. Leveraging bubble-induced 

convection to facilitate controlled and rapid ion transfer could hold the key to 

optimizing the kinetics of some specific sluggish reactions. Furthermore, future 

research could benefit from integrating advanced characterization techniques, such as 
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high-resolution real-time microscopy, to gain deeper insights into hydrogen bubble 

nucleation sites and their influence on electrode morphology. Such studies will provide 

crucial guidance for future regulation of bubble dynamics, enabling more effective 

control of the electrochemical environment. In parallel, exploring the interplay between 

hydrogen evolution and other electrochemical processes could open new pathways for 

the development of next-generation Zn-based energy storage systems that are not only 
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