
This journal is © the Owner Societies 2026 Phys. Chem. Chem. Phys.

Cite this: DOI: 10.1039/d6cp00998k

Free-energy analysis of bubble nucleation on
electrocatalytic surfaces

Qingguang Xie, *a Paolo Malgaretti, ab Othmane Aouane, a Simon Thiele ac

and Jens Harting *ad

Bubble nucleation at catalyst surfaces plays a critical role in the operation of electrolyzers. However,

achieving controlled bubble nucleation remains challenging due to limited understanding of the

underlying mechanisms. Here, we present a free-energy model that quantitatively predicts both the

activation energy and critical nucleus size of bubbles at given supersaturation, temperature, pressure,

and surface wettability. We find that the activation energy DGmax decreases with increasing

supersaturation z, following a power-law scaling of DGmax B z�2, while the critical nucleus radius Rc

scales as Rc B z�1. Our theoretical predictions for the critical nucleus radius of hydrogen, oxygen and

nitrogen bubbles are in quantitative agreement with experimental measurements. Finally, we present a

simple model that couples gas diffusion and electrochemical reaction kinetics to determine the

maximum gas supersaturation at a given current density. Our results advance the fundamental

understanding of bubble nucleation at catalyst surfaces and provide practical guidelines for catalyst layer

design to improve the performance of electrolyzers.

1 Introduction

The nucleation of bubbles at catalyst surfaces is a common
phenomenon in electrochemical devices for hydrogen produc-
tion, such as water electrolyzers.1–4 The overall efficiency of
electrolyzers is strongly influenced by bubble nucleation and
the subsequent processes of bubble growth, departure, and
transport. In proton exchange membrane water electrolyzers
(PEMWE), for instance, oxygen bubbles may nucleate at the
nanoporous anode catalyst layer (CL), migrate through the
porous transport layer (PTL), and are eventually removed by
convective water flow in the flow channels.1,5–7 However, the
bubbles growing at the catalyst layer may block active sites for
oxygen evolution, leading to an increase in the overpotential
and thus reducing the electrochemical performance of the
device. Understanding and controlling bubble nucleation at
nano- and microscales is therefore essential for optimizing CL
design and improving the overall electrolyzer efficiency.

Significant efforts have been made to understand the for-
mation of bubbles at the catalyst layer. However, direct observa-
tion of nanobubbles is challenging due to the nanoscale,
complex, and opaque nature of the porous material. Further-
more, molecular dynamics simulations of bubble nucleation8–11

can provide nanoscale insights. However, they are typically
restricted to specific parameters and small system sizes due to
high computational cost. As a result, it is challenging to explore
the full parameter space relevant to experiments or to capture
bubble behavior in larger, more complex systems. These limita-
tions have even led to ongoing debate about whether bubbles
nucleate inside the CL or at the CL–PTL interface.5–7 For exam-
ple, Mo et al.6,7 observed bubble formation only on the CL
surface adjacent to the PTL in PEMWE, challenging the assump-
tion of uniform reaction activity. They attributed this to the high
in-plane electrical resistance of the CL, which confines oxygen
evolution to the CL–PTL interface. In contrast, Yuan et al.5

reported evidence of nanobubble accumulation and transport
within the CL. They observed sustained bubble growth on the CL
surface even in the absence of oxygen evolution, as well as the
formation of gas outlet pores at the surface.

Theoretical predictions of bubble nucleation characteristics,
including the activation energy and critical nucleus size of
bubbles, may help to resolve these discrepancies. Since the
early 20th century, numerous studies have sought to theoreti-
cally analyze the activation energy and critical nucleus size of
bubbles both in the bulk liquid and at solid surfaces using
classical nucleation theory,12–16 yet these predictions have
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largely remained qualitative.17 Alternatively, classical density
functional theory (DFT)18,19 has been employed to study bubble
nucleation by resolving the spatial variation of liquid density
and microscopic molecular interactions. Nevertheless, it is
computationally demanding, typically limited to small system
sizes, and sensitive to the choice of approximate functionals.
Recently, Zargarzadeh et al. conducted a thermodynamic ana-
lysis of nucleating surface nanobubbles, considering closed
systems with a finite number of molecules.20 This work was
later extended to a more quantitative framework by Lan et al.21

Very recently, Gadea et al.22 extended these efforts to explore
nanobubble formation in open environments. However, these
analyses rely on the number of molecules as an input para-
meter, which is difficult to measure experimentally. Addition-
ally, a direct link between key parameters (e.g., supersaturation)
and electrochemical reactions is still lacking in these models.

In this work, we consider bubble nucleation in an
unbounded volume of liquid–gas solution, reflecting the work
environment of electrolyzers. The system is maintained at
constant temperature and pressure, with negligible total
volume change. We perform a free energy analysis of bubble
nucleation to quantitatively predict the activation energy
required to nucleate a bubble with a critical radius at a catalyst
surface under given conditions (e.g., pressure, temperature,
supersaturation). We show that the wettability of the reactive
surface largely affects the activation energy, whereas the critical
nucleation size of bubbles remains constant, consistent with
previous research.14–16 We find that the activation energy DGmax

decreases with increasing supersaturation z, following a power-
law scaling of DGmax B z�2, while the critical nucleus radius Rc

scales as Rc B z�1. Furthermore, we compare theoretical
predictions of the critical nucleation radius for hydrogen,
nitrogen and oxygen bubbles with experimental results23,24

and find quantitative agreement. We then present a simple
theoretical model to predict the maximal gas supersaturation
achievable at a given current density. In addition, we propose

possible descriptions for gas production, bubble formation,
and transport within the catalyst layer and at the CL–PTL
interface, which may explain the experimentally controversial
reports.5–7 Overall, our models advance prior approaches by
linking nanoscale bubble nucleation directly to experimentally
relevant parameters. Unlike previous analyses that rely on the
number of molecules and lack a connection to electrochemical
reactions, we present a free-energy model that predicts activa-
tion energy and critical nucleus size as functions of super-
saturation, temperature, pressure, and surface wettability.
Additionally, a simplified kinetic framework couples gas diffu-
sion with electrochemical reaction rates, enabling estimation of
maximum supersaturation and nanoscale nucleation charac-
teristics from operating conditions. By bridging nucleation
thermodynamics and electrochemical kinetics across nano- to
microscale, this framework provides predictive insight into
bubble evolution relevant to electrocatalysis, energy conversion,
and nanofluidic systems.

2 Free energy analysis

We perform a free energy analysis of bubble nucleation at a
catalyst surface to predict the energy difference between the
states before and after nucleation. The system consists of a
solution of water-or any solvent-and oxygen-or any gas-in con-
tact with a solid surface at pressure P, temperature T, as
illustrated in Fig. 1a. Furthermore, the system is in contact
with a gas phase, where the gases are in equilibrium. We
assume that the number of gas molecules in the bubble is
much smaller than the total number of gas molecules in the
water, since the bubble volume is much smaller than the total
water volume. In addition, the solution is assumed to be
isothermal, and its volume remains constant during bubble
formation.

In the following, we assume that during the nucleation
process, the total number of oxygen molecules in the system

Fig. 1 Sketch of a system with a mixture of gas molecules and water without a bubble (a) and with a bubble (b). The red dots represent the gas
molecules, the blue area represents water, and the white area denotes the bubble. The solution is in contact with a gas phase, depicted in grey. The
contact angle, radius, and height of the bubble are denoted as y, R, and h, respectively.
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(i.e., solution plus bubble), N, is conserved. Under these cir-
cumstances, the relevant thermodynamic potential is the Gibbs
free energy, written as

G1(N,P) = Nml(P,n1) + gwsSws, (1)

where n1 is the number density of the oxygen molecules in the
water before bubble nucleation, ml is their chemical potential at
given pressure and number density, gws is the surface energy of
the water–solid interface, and Sws is the area of the water–solid
interface.

After bubble formation, we assume that Ng molecules form a
bubble of radius R. The bubble adopts a spherical cap shape on
the solid surface in the limit of a low Bond number

Bo ¼ DrgR2

gwg
� 1, where gwg is the water–gas surface energy as

shown in Fig. 1b. Here, Dr is the density difference between
water and the oxygen bubble, and g is the gravitational accel-
eration. The free energy after bubble formation is

G2(N,P) = 2pgwgR2(1 + cos y) + (N � Ng)ml(P,n2) + Ngmg(Pb)

+ gws(Sws � Sgs) + ggsSgs, (2)

where y is the contact angle of the bubble on the catalyst
surface, n2 is the number density of the oxygen molecules in the
water after bubble nucleation, mg(Pb) is the chemical potential
of oxygen molecules in the bubble, and Sgs is the footprint area
of the bubble on the solid surface. gws and ggs are the surface
energies of the water–solid and gas–solid interfaces, respec-
tively. The free energy difference DG = G2 � G1 reads

DG = 2pgwgR2(1 + cos y) + NDml + NgDmg + (ggs � gws)Sgs,
(3)

where Dml = ml(P,n2) � ml(P,n1) is the change in the chemical
potential of the dissolved gas molecules, and Dmg = mg(Pb) �
ml(P,n2) is the chemical potential difference between the gas
molecules in the bubble and those in the surrounding solution.

With cos y ¼
ggs � gws

gwg
based on the Young’s equation, and Sgs =

p(R sin y)2, we get

DG = 2pgwgR2(1 + cos y) + pgwgR2 cos y sin2 y + NDml + NgDmg

(4)

In the following, we assume that the oxygen solution is
diluted such that the chemical potential of oxygen molecules in
gas and in solution can be written as25

mgðPÞ ¼ kBT ln
P

kBT
L3

� �
(5)

ml(P,n) = m0
l (T) + kBT ln(nL3). (6)

Here, we assume the chemical potential of the oxygen in the
gas bubble to be like an ideal gas. L is the thermal wavelength,
and m0

l (T) is the chemical potential of oxygen in a specific,
defined standard state, serving as a reference point.

When a bubble forms, the overall volume of the system
changes due to two contributions: an increase in volume from
the formation of the bubble and a reduction in the volume of
the liquid solution as fewer oxygen molecules remain dissolved.
In the limit of Ng { N and neglecting the change in volume of

the liquid solution,
Ng

N
� Dv

V
, we obtain

Dml ¼ kBT ln n2L3
� �

� kBT ln n1L3
� �

� �kBT
Ng

N
(7)

Dmg ¼ kBT ln
Pb

kBT
L3

� �
� kBT ln n2L3

� �
� m0l

¼ kBT ln
Pb

kBTn2

� �
� m0l :

(8)

The number of molecules Ng in the gas bubble can be
determined by the equation of state of an ideal gas as

Ng ¼
V

kBT
Pþ

2gwg
R

� �

¼ pR3

3kBT
Pþ

2gwg
R

� �
ð2� cos yÞð1þ cos yÞ2;

(9)

where Pb ¼ Pþ
2gwg
R

according to the Young–Laplace equation,

and the volume of the spherical-cap-shaped bubble is taken as

V ¼ pR3

3
ð2� cos yÞð1þ cos yÞ2. Inserting eqn (7)–(9) into

eqn (4), we obtain

DG �2pgR2ð1þ cos yÞ þ pgR2 cos y sin2 y

� pR3

3
Pþ 2g

R

� �
ð2� cos yÞð1þ cos yÞ2

� 1� ln
Pþ 2g

R
kBTn2

0
B@

1
CA� m0l

kBT

0
B@

1
CA:

(10)

Here, g = gwg. By combining the R2 and R3 terms separately,
and unfolding the y terms, we get

DG �p
3
2þ 3 cos y� cos3 y
� �

gR2 1þ 2 ln
Pþ 2g

R
kBTn2

0
B@

1
CAþ 2

m0l
kBT

2
64

3
75

0
B@

�R3P 1� ln
Pþ 2g

R
kBTn2

0
B@

1
CA� m0l

kBT

2
64

3
75
1
CA:

(11)

The expression above is a function of the number density,
n2, of dissolved oxygen after bubble nucleation, whereas we
would like to express it as a function of the number density (or
preferably, the supersaturation) of the oxygen before bubble
nucleation, n1. Accordingly, due to mass conservation, we
recall that

n2V2 + Ng = N. (12)
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Due to our assumptions, Ng { N and V2 C V, we have n2 C
n1. Next we aim to relate n1 to the supersaturation z, i.e. the
ratio between n1 and the number density dissolved oxygen at
equilibrium, neq

1 . At equilibrium, the chemical potential of the
oxygen in the gas phase equals that of the oxygen diluted in the
solution, which leads to

kBT ln
Pa

kBT
L3

� �
¼ m0l þ kBT ln n

eq
1 L3

� �
; (13)

where Pa is the partial pressure of oxygen in the gas phase.
Accordingly we get

neq1 ¼
Pa

kBT
e
�

m0
l

kBT : (14)

Finally, using n2 C n1 = zneq
1 , we obtain

DG �p
3
2þ 3 cos y� cos3 y
� �

gR2 1þ 2 ln
Pþ 2g

R
kBTzneq1

0
B@

1
CAþ 2

m0l
kBT

2
64

3
75

0
B@

� R3P 1� ln
Pþ 2g

R
kBTzneq1

0
B@

1
CA� m0l

kBT

2
64

3
75
1
CA:

(15)

Using eqn (14) we can rewrite the last expression as

DG �p
3
2þ 3 cos y� cos3 y
� �

gR2 1þ 2 ln
Pþ 2g

R
Paz

0
B@

1
CA

2
64

3
75

0
B@

� R3P 1� ln
Pþ 2g

R
Paz

0
B@

1
CA

2
64

3
75
1
CA:

(16)

We note that y = 01 corresponds to the case of bubble
formation in the bulk, and eqn (16) reduces to

DG � 4

3
p gR2 1þ 2 ln

Pþ 2g
R

Paz

0
B@

1
CA

2
64

3
75� R3P 1� ln

Pþ 2g
R

Paz

0
B@

1
CA

2
64

3
75

0
B@

1
CA:

(17)

3 Results and discussions

In the following, we apply our free-energy analysis to quantita-
tively predict the energy barrier and critical nucleation radius of
a bubble at a catalyst surface. We take the oxygen evolution
reaction in water as an example, a common phenomenon in
PEMWE. The oxygen produced during PEMWE operation is
normally released into the air, where the partial pressure of
oxygen in air is about Pa = 2.1 � 104 Pa. In addition, we assume
kB = 1.38 � 10�23 J K�1, the surface tension of water gwg =
0.072 N m�1, the pressure P = 1.01325 � 105 Pa and room
temperature at T = 293 K. Fig. 2a shows the dependence of the

energy difference DG (eqn (16)) on the bubble radius R at
supersaturation z = 100 for different contact angles y = 01
(blue), y = 601 (orange), y = 1201 (green), y = 1601 (red). For
all the contact angles, the energy difference increases at small
bubble radii, reaches a maximum at R E 80 nm, and then
decreases sharply to zero at a critical nucleus size Rc E 109 nm.
We note that Fig. 2a is presented in a log–log scale, and the
further decrease of the energy difference beyond Rc is therefore
not shown. As shown in Fig. 2, while the critical nucleation
radius of the bubble is independent of the contact angle, the
activation energy (maximum energy difference) has a strong
dependence on the contact angle, which is in qualitative
agreement with previous work.16 By taking the maximum of
eqn (16), we obtain the activation energy as a function of
contact angle y, as shown in Fig. 2b. At y = 01, the activation
energy takes its maximum, DGmax E 1.41 � 10�15 J E 3.49 �
105kBT. This demonstrates that bubble nucleation in the bulk
(y = 01) requires a higher activation energy than heterogeneous
nucleation, in agreement with previous work.12–16 The activa-
tion energy decreases with increasing contact angle, following

the relation DGy
max ¼ DGy¼0�

max 2þ 3 cos y� cos3 y
� �

, as encoded
in the functional form of eqn (16). At y = 1801 the activation
energy vanishes, indicating the formation of a gas film at the
solid surface.

Based on eqn (16), the activation energy and the critical
nucleus size are expected to depend strongly on the super-
saturation z. For a fixed contact angle of y = 851, Fig. 3a shows
the energy difference DG as a function of bubble radius R for
different supersaturation levels. Similar to Fig. 2a, the energy
difference initially increases at small bubble radii, reaches a
maximum, and then rapidly drops to zero at the critical nucleus
size. However, both the activation energy and the critical
nucleus size decrease with increasing supersaturation z, in line
with the previous work.12–16,22 In Fig. 3c we show the depen-
dence of the activation energy (circles) and the critical nucleus
size (squares) on supersaturation. Surprisingly, the activation
energy decreases with increasing z according to a power law,
DGmax B z�2, while the critical nucleus size follows Rc B z�1.

Our theoretical analysis is generally applicable to other
solvent–gas systems, such as the nucleation of H2 and N2

bubbles. Edwards et al. experimentally characterized the nuclei
of single nanobubbles in a system where electrochemical gen-
eration creates a gas supersaturation at a nanoelectrode.23 For
hydrogen bubbles at atmospheric pressure (P = 1 atm) and
room temperature (T = 293 K), the reported nucleation radius is
rc E 4.7 nm for a contact angle y = 1461 and supersaturation z =
312, with an activation energy DGmax E 34kBT. In the case of
nitrogen bubbles under the same P and T, the measured
nucleation radius is rc E 8.1 nm for y = 1541 and z = 178,
yielding DGmax E 20kBT. Using our theoretical model (eqn (16))
with z = 312, Pa = P = 1.01325 � 105 Pa, and y = 1461, we obtain a
critical radius rc E 4.5 nm and activation energy DGmax E
35.6kBT for hydrogen—in close quantitative agreement with
experiment. Similarly, for nitrogen with z = 178 and y = 1541,
our model predicts rc E 8.1 nm and DGmax E 19.1kBT, also
consistent with the experimental results. Furthermore, for
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oxygen with z E 168 and y = 1541, our model predicts rc E
8.5 nm and DGmax E 41kBT, in good agreement with the
experimental report.23,24

For the given values of temperature, pressure, and super-
saturation, our theoretical model can be employed to predict the
activation energy and the critical nucleus size. However, in
practice, it is highly challenging to directly measure the degree
of supersaturation during electrolyzer operation. We therefore
estimate the maximum supersaturation that can be achieved at
a specified current density. This provides a practical link
between the experimentally accessible operating parameters
and the nucleation characteristics predicted by our model.
We assume that before bubble nucleation, the generated gas
at the catalyst layer is removed by diffusion only. The gas flux in
units of kg (m�2 s�1) generated by the electrochemical reaction
is written as

Je ¼
iM0

neF
; (18)

where i is the electric current density, ne = 4 is the number of
electrons needed for the production of an oxygen molecule from

water, F is the Faraday constant, and M0 is the molar mass of the
gas. In PEMWE, when bubbles are absent, the gas diffuses away
through the catalyst layer and the porous transport layer to a
water channel,26,27 as illustrated in Fig. 4a. Following Fick’s law,
the mass flux of oxygen diffusion through the water solution can
be estimated as

Jd ¼ �DDc ¼ �Dc0 � c1
L

; (19)

where D is the diffusion coefficient of gas in water, cN and c0

are the concentrations of gas in water in the channel and at
the catalyst layer, and L is the characteristic length. The total
mass flux is the product of flux and surface area of the catalyst
layer. We note that the current density i is defined as the total
current through the electrolyzer divided by the geometrical
surface area of the catalyst layer, effectively averaging over the
CL depth (i.e., the thickness of the CL). Furthermore, we
assume that the surface area of the catalyst layer represents
the effective area for diffusion between the CL and the water
channel, as shown in Fig. 4a. Accordingly, we directly compare
the reaction flux with the diffusion flux and determine the

Fig. 3 (a) Energy difference DG as a function of bubble radius at contact angle y = 851 for different supersaturations z = 5 (blue), z = 10 (orange),
z = 100 (green), z = 1000 (red). (b) Activation energy DGmax and (c) critical nucleus size Rc as a function of the supersaturation z.

Fig. 2 (a) Energy difference DG as a function of bubble radius R at supersaturation z = 100 for different contact angles y = 01 (blue), y = 601 (orange),
y = 1201 (green), y = 1601 (red). (b) Activation energy as a function of the contact angle y (symbols). The solid line represents the function DGmax = C0(2 +
3 cos y � cos3 y), where C0 ¼ DGy¼0�

max is the activation energy at contact angle y = 01.
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maximal achievable supersaturation, zm = c0/cs, at a given
current density as

zm ¼
iLM0

DneF
þ c1

� ��
cs; (20)

where cs is the saturation concentration of gas in water. Again,
we consider the oxygen evolution reaction in PEWME as an
example case. We take the diffusivity of the oxygen molecule
in water as D = 2 � 10�9 m2 s�1,28 the Faraday constant as
F = 96 485 C mol�1, and the molar mass of oxygen as M =
32 g mol�1. The water in the flow channel is assumed to con-
tain a saturated oxygen concentration cN = 9.1 � 10�3 kg m�3

at 1 atm at T = 293 K. The oxygen needs to diffuse through the
PTL to reach the water channel, and we take the characteristic
diffusion length at the order of DL = 2.5 � 10�5 m, corres-
ponding to the thickness of a thin PTL.29 Typically, PEMWE
operates at a current density of order 1 A cm�2,30 which may
trigger a supersaturation level of zm E 1000 based on eqn (20),
resulting in a critical nucleus radius of Rc E 8 nm (from
eqn (16)). The predicted supersaturation level is in agreement
with experimental measurements that the supersaturation
may lie in the range 100–1000 before bubble nucleation.31–33

We note that zm E 1000 is the maximal theoretically achiev-
able supersaturation under the specified current density
1 A cm�2 and associated conditions (e.g., a thin PTL). In
practice, however, nucleation can occur well before this super-
saturation is reached, and the value of zm may vary across
experiments employing different current densities or PTLs of
varying thickness.

The porous structure of the catalyst layer typically exhibits a
characteristic pore size distribution, ranging from a few nan-
ometers up to about 1000 nm.34 Based on our free energy
analysis, we propose a possible description for gas generation,
bubble formation, and transport within the catalyst layer.

Electrochemical reactions occur at the catalyst surfaces of all
pores in contact with water in PEMWE. The local reaction rate
may vary depending on the ionic conductivity of the ionomer
phase35,36 and the electronic conductivity of the catalyst
layer.36,37 Bubbles preferentially nucleate in the larger pores
and at the CL–PTL interface, while at the smaller pores, gas is
generated and diffuses toward bigger pores and the CL–PTL
interface, as depicted in Fig. 4b. These proposed descriptions
are consistent with the experimental observations reported by
Yuan et al.:5 once electrolysis ceases, residual gas in small pores
and bubbles in large pores (if any) in the CL continue to
migrate toward the CL–PTL interface, where larger bubbles
eventually form. Similarly, the findings of Mo et al.6 can be
explained as follows: the reaction rate is much higher near the
PTL than farther away. In regions near the PTL, the reaction
flux exceeds the diffusion flux, leading to a rapid increase in
local gas supersaturation. This, in turn, it triggers bubble
nucleation at the CL–PTL interface near the PTL. Another
possible explanation for bubble formation next to the PTL is
heterogeneous nucleation, which may occur if the PTL surface
is less water-wettable.

Our theoretical model, eqn (16), describes the energy differ-
ence before and after bubble nucleation as a function of surface
tension, nanobubble radius, pressure, partial pressure, and
supersaturation. To the best of our knowledge, no experimental
studies have systematically investigated the energy difference
while independently varying all of these parameters. Conse-
quently, a direct comparison between eqn (16) and experimental
measurements is not feasible. Nevertheless, we assess the validity
of our model by comparing its predictions with available experi-
mental data on the nucleation of hydrogen, nitrogen, and oxygen
nanobubbles at given contact angles and supersaturations. This
comparison shows quantitative agreement, supporting the applic-
ability of our approach. Furthermore, our predictions are

Fig. 4 (a) Schematic illustration of the anode side of PEMWE. The gas (red circles) diffuses away through the catalyst layer (light green) and the porous
transport layer (dark blue) to a water channel (light blue). The bottom part (light grey) represents the membrane. The side and the top parts (dark grey)
denote the bipolar plates. (b) Sketch of bubble formation and gas transport in a catalyst layer. Bubbles (white) preferentially nucleate in the larger pores
and at the CL–PTL interface, while in smaller pores, gas is generated and diffuses toward larger pores and the CL–PTL interface.
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consistent with molecular dynamics simulations9 of surface
nanobubble nucleation, and show qualitative agreement with
classical density functional theory results.18

We note several limitations of our model that may affect the
accuracy and generality of the results. As discussed in Section 2,
the ideal gas approximation assumes perfect gas behaviour and
may break down at the (sub-)nanoscale, where molecular
interactions and sizes become significant. In addition, the
assumption of constant surface tension at very small radii
may not adequately capture the interplay between surface
energy and curvature. Furthermore, our simplified treatment
of supersaturation does not account for its spatial and temporal
variations. Future improvements could include the use of more
realistic equations of state (e.g., the van der Waals equation of
state) to account for intermolecular interactions and molecular
sizes, the incorporation of curvature-dependent surface ten-
sion, and the development of a more comprehensive descrip-
tion of supersaturation that captures its spatial and temporal
evolution.

4 Conclusions

In summary, we present a free-energy analysis of bubble
nucleation on a flat catalyst surface. The analysis provides
quantitative predictions for both the activation energy barrier
and the critical nucleus size as functions of supersaturation,
temperature, and pressure, while also incorporating the influ-
ence of surface wettability. Our analysis reveals that the activa-
tion energy, DGmax, decreases with increasing supersaturation
z, following a power-law scaling of DGmax B z�2, which has not
been reported to the knowledge of the authors. Meanwhile, the
critical nucleus radius is found to scale inversely with super-
saturation as Rc B z�1. Our theoretical predictions for the
critical nucleation radius show quantitative agreement with the
experimental results for hydrogen, oxygen and nitrogen
nanobubbles.23 Beyond the thermodynamic description, we
further propose a simplified model that couples gas diffusion
with electrochemical reaction kinetics to estimate the maxi-
mum achievable gas supersaturation as a function of the
current density. This enables the prediction of nucleation
characteristics under the operating conditions of electrochemi-
cal devices.

In this work, we focused solely on bubble nucleation on flat
surfaces. However, our methodology can be extended directly to
investigate the bubble nucleation at curved surfaces38 or in
cavities.39,40 Furthermore, our work can incorporate variations
in surface tension at the nanoscale, which may become sig-
nificant for radii below approximately 10 nm.41,42
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