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SPECIAL TOPIC — Heat conduction and its related interdisciplinary areas

Effects of surface roughness and wettability on bubble nucleation of
water containing insoluble gas: A molecular dynamics study

Sicheng Zhang(张思程), Mian Yu(余绵), Bingheng Li(李丙衡),
Lianxiang Ma(马连湘), and Yuanzheng Tang(唐元政)†

College of Electromechanical Engineering, Qingdao University of Science and Technology, Qingdao 266061, China

(Received 5 November 2025; revised manuscript received 22 December 2025; accepted manuscript online 31 December 2025)

As heat dissipation in micro- and nanoelectronic devices has become a critical bottleneck limiting performance im-
provement, microscale boiling has attracted increasing attention in recent years. Bubble nucleation in water containing
nitrogen as an insoluble gas on copper surfaces with varying roughness and wettability is systematically investigated using
molecular dynamics (MD) simulations. The results show that increasing surface roughness significantly enhances bubble
nucleation by providing additional nucleation sites. The characteristic time of bubble nucleation in water containing insolu-
ble gas decreases with reduced surface hydrophilicity, which differs markedly from previous MD studies of boiling in pure
water. This finding suggests that enhanced adsorption of insoluble gas on hydrophobic surfaces facilitates bubble nucle-
ation, in good agreement with experimental observations. These results provide valuable theoretical insights into microscale
boiling heat transfer and offer guidance for optimizing thermal management in micro- and nanoelectronic systems.

Keywords: bubble nucleation, molecular dynamics, roughness, wettability, insoluble gas
PACS: 47.11.Mn, 47.55.dd, 68.35.Ct, 61.30.Hn
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1. Introduction
Boiling is a highly efficient heat transfer process that

involves the rapid vaporization of a liquid above its satura-
tion temperature and plays a crucial role in various applica-
tions, including energy conversion,[1] aerospace,[2,3] biomedi-
cal applications,[4–6] seawater desalination,[7–9] as well as ev-
eryday and industrial heating processes.[10,11] In particular,
with the ongoing advancement of micro- and nanoelectronic
devices toward higher integration and power density,[12–14]

heat dissipation has become a critical bottleneck limiting
further performance improvement. Among various cooling
strategies, boiling heat transfer remains one of the most ef-
fective methods for dissipating high heat fluxes. Therefore,
understanding bubble nucleation during nucleate boiling at the
microscale is fundamentally important for improving boiling
performance in micro- and nanoscale systems.

Many studies have explored the effects of surface rough-
ness and wettability on bubble nucleation. While experi-
mental studies focus on macroscopic observations, they do
not reveal the underlying microscopic mechanisms. In con-
trast, molecular dynamics (MD) simulations offer detailed in-
sights into bubble nucleation at the atomic scale. For exam-
ple, Ahmad et al.[15] conducted MD simulations to investigate
how the structure of nanobumps influences boiling heat trans-
fer over the surface, finding that rectangular nanobumps ex-
hibit the highest evaporation and heat transfer rates because of

their larger solid–liquid interfacial area. Fallahzadeh et al.[16]

studied how nanowall patterns influence boiling, showing that
crossed nanowalls trigger the early onset of explosive boiling.
Cao et al.[17] explored the role of surface roughness in bub-
ble nucleation, finding that surface cavities stabilize nucleation
sites and promote bubble nucleation, growth, and coalescence
as roughness increases. Bai et al.[18] investigated the effect
of surface wettability on boiling heat transfer and attributed
the improved heat transfer performance on hydrophilic sur-
faces to their higher surface potential energy. Zhao et al.[19]

observed bubble nucleation on grooved surfaces with hybrid
wettability, revealing that all-hydrophilic grooves exhibit the
fastest bubble growth rate. Wang et al.[20] found that hy-
drophobic regions on grooved surfaces prolong nucleation
time. Liu et al.[21] discovered that superhydrophilic nanos-
tructures enhance heat transfer. Yin et al.[22] demonstrated that
nanofluids exhibit better boiling performance than base fluids
and attributed this improvement to enhanced surface wetta-
bility and solid–liquid heat transfer efficiency resulting from
nanoparticle deposition.

These MD studies, however, primarily focus on pure-
fluid systems without considering the influence of insoluble
gases. In such pure-fluid systems, a consensus has been es-
tablished that hydrophilic surfaces generally promote boiling
heat transfer because of their stronger solid–liquid interactions
and lower interfacial thermal resistance (e.g., Bai et al.[18]
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and Yin et al.[22]). The role of insoluble gases, which are
ubiquitous in practical boiling systems, remains largely un-
explored in MD simulations, especially in coupling with sur-
face roughness and wettability. This knowledge gap is signif-
icant because insoluble gases can serve as pre-existing nucle-
ation sites, potentially altering the nucleation mechanism and
even reversing the conventional effect of surface wettability
observed in pure-fluid systems.

Despite these findings, most studies focus on surface
roughness or wettability alone, and their combined effects
have not been systematically explored. Moreover, the influ-
ence of insoluble gases, which are critical in boiling processes,
is rarely considered in MD studies. In this work, grooved
surfaces with varying roughness and wettability are designed
by adjusting the period of sinusoidal grooves and modifying
the interactions between water molecules and copper atoms.
To better simulate realistic conditions, a constant heat flux
method is used to heat the copper substrate and induce bubble
nucleation, with N2 introduced as the insoluble gas. Building
on these approaches, the combined effects of surface rough-
ness, wettability, and the presence of insoluble gas are system-
atically investigated. The results show that bubble nucleation
accelerates with increasing surface roughness and decreasing
surface hydrophilicity. Additionally, analyses of density dis-
tribution, interfacial thermal resistance, and temperature vari-
ation are conducted to provide insights into the underlying
mechanisms.

2. Simulation methods
As shown in Fig. 1(a), the simulation system is a rect-

angular box composed of four components: an upper copper
(Cu) plate, a bottom Cu plate, H2O molecules between the
plates, and N2 molecules in the water. The system contains a
total of 25989 atoms and has dimensions of 122.69 Å, 20.00 Å,
and 520.00 Å along the x, y, and z directions, respectively.
Specifically, along the z direction, the fixed bottom Cu plate
has a height of 34.4 Å, the liquid water film is 116.7 Å thick,
and the movable upper Cu plate has a height of 123.4 Å. The
Cu atoms are arranged in a face-centered cubic (FCC) lattice
with a lattice constant of 3.61 Å. The bottom Cu surface is
contoured into a sinusoidal waveform, described by the func-
tion

f (x) = h0 +Asin(2πx/p), (1)

where h0 is the distance from the surface to the z axis, A is the
amplitude, and p is the period.[23] The sinusoidal grooves are
modeled on the bottom Cu plate, which consists of 6 atomic
layers. Specifically, the bottom-most 3 Cu atomic layers are
fixed to prevent deformation and displacement of the heated
surface, while the next 3 layers are used to apply heat flux,

serving as the heat source of the system. As shown in Fig. 1(b),
the sinusoidal grooves repeat from 1 cycle to 5 cycles, with
surface roughness increasing as the period p increases. To en-
sure consistent comparison across different roughness condi-
tions, the width d and the height h of the grooved structures
are kept constant in all models. The numbers of H2O and
N2 molecules remain constant at 6679 and 60, respectively,
in all models. At 298 K and 1 atm, the solubility of nitrogen
gas in water is approximately 1.2×10−5 mol·mol−1.[24] Given
this low solubility, fewer than one N2 molecule can dissolve in
6679 H2O molecules, indicating that the N2 molecules remain
in the gas phase and are effectively insoluble.

Upper Cu plate

Bottom Cu plate

Model #1 (p=1) 

Model #2 (p=2) 

Model #3 (p=3)

Model #4 (p=4)

Model #5 (p=5)

(b)

H2O molecules

N2 molecules

d

h

520 Å

(a)

o

20 A

122.69 A

Fig. 1. Initial configuration of the simulation domain.

The bottom Cu substrate is continuously heated during
the simulation. To prevent the collapse of the sinusoidal
grooves while ensuring that all Cu atoms vibrate solely around
their equilibrium sites, an elastic restoring force is imposed on
each Cu atom in the system[25]

F =−K · r. (2)

Here, K = 52 N·m−1 is the elastic constant, and r is the dis-
placement of an atom relative to its initial position.

The interaction between Cu atoms is represented by the
van der Waals (vdW) force, described by the Lennard–Jones
(L–J) potential[26]

Φ(ri j) = 4ε

[(
σ

ri j

)12

−
(

σ

ri j

)6
]
, ri j ≤ rcut, (3)

where ε and σ are the energy and distance parameters, re-
spectively. The distance between atoms i and j is denoted by
ri j, and rcut is the cutoff radius. Van der Waals interactions
for H2O–Cu, H2O–N2, and Cu–N2 pairs are represented by
O–Cu, O–N, and Cu–N interactions, respectively. The SPC/E
model[27,28] is employed for water molecules, effectively cap-
turing their physical and chemical properties while balanc-
ing computational accuracy and efficiency. In this model, the
atomic charges are qO = −0.8476e and qH = 0.4238e. The
SHAKE algorithm[29] is applied to constrain the O–H bonds
and the H–O–H angle, thereby reducing computational cost.
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Long-range electrostatic interactions are computed using the
particle–particle particle–mesh (PPPM) solver,[30] with inter-
molecular forces between H2O molecules primarily described
by O–O interactions. For diatomic N2 molecules, intramolec-
ular and intermolecular interactions are parameterized using
the OPLS-AA/L force field.[31,32] Surface wettability is mod-
ulated by adjusting the L–J potential parameters of O–Cu in-
teractions, as specified below:

Φ(ri j) = 4ε
′

[(
σ ′

ri j

)12

−
(

σ ′

ri j

)6
]
, (4)

ε
′ = β

2
ε, (5)

σ
′ = β

−1/6
σ . (6)

where β serves as a scaling factor to modulate wettability, and
ε ′ and σ ′ denote the modified energy and length parameters,
respectively. The L–J potential parameters used in this study
are listed in Table 1. The water contact angles on hydrophobic,
neutral, and hydrophilic surfaces, calculated using a cylindri-
cal droplet MD model, are 120.0◦, 87.3◦, and 4.7◦, respec-
tively.

Table 1. L–J potential parameter.

Atom pairs σ (nm) ε (meV)

Cu–Cu[26] 0.2338 409.330
O–O[27,28] 0.3166 6.739
N–N[31,32] 0.3250 3.368

O–Cu (neutral)[33,34] 0.3190 7.370
O–Cu (hydrophobic) 0.3380 3.685
O–Cu (hydrophilic) 0.3011 14.740

O–N 0.3208 4.764
Cu–N 0.2794 37.130

Periodic boundary conditions are applied in the x and y di-
rections. In the z direction, the system is confined between two
solid copper walls: the fixed bottom substrate at the negative z
extreme and the movable upper plate at the positive z extreme.
This configuration allows implementation of the piston-based
pressure control method described below. To maintain a stable
pressure throughout the simulation, a piston-based pressure
control method is employed.[35] Central to this approach is the
configuration of the upper copper plate as a movable piston.
An external force is applied in the z direction to each atom of
this piston, thereby achieving dynamic pressure balance within
the system. This design effectively mitigates pressure fluctua-
tions that could interfere with bubble nucleation, ensuring the
accuracy and stability of the simulation and providing reliable
data for subsequent analysis. The force on each atom in the
upper plate is calculated using the following equation:

Fatom =
Ftotal

Nup
=

P ·Sxoy

Nup
, (7)

where Ftotal represents the total force acting on the upper Cu
plate, Nup is the number of atoms constituting the plate, the

target pressure P is set to 1 bar, and Sxoy denotes the cross-
sectional area in the xoy plane.

The MD simulation in this study is divided sequentially
into two main stages: the relaxation stage and the heating
stage. The relaxation stage involves equilibrating the entire
simulation system (excluding the bottom frozen Cu atoms)
under the canonical (NVT) ensemble. During this stage, the
initial system is run at a constant temperature of 298 K for
1 ns, with temperature controlled by the Langevin method,[36]

ensuring that H2O molecules reach a stable adsorption config-
uration on the Cu substrate. During the heating stage, the equi-
librated system is simulated under the microcanonical (NVE)
ensemble.

A constant heat flux of 1.97× 1010 W·m−2 is applied to
the Cu substrate in all simulated cases to trigger bubble nu-
cleation. External heat is uniformly applied to each copper
atom within the hot reservoir using an asymmetric version of
the enhanced heat exchange algorithm. To further analyze the
dynamic behavior of bubbles during heating, atomic tempera-
ture, density trajectory data, and upper plate displacement data
are collected every 1 ps, comprehensively recording the bub-
ble formation process.

The integration of the equations of atomic mo-
tion is performed with a time step of 1 fs using the
large-scale atomic/molecular massively parallel simulator
(LAMMPS).[37] VMD[38] and OVITO[39] are used for visu-
alization and data analysis.

3. Results and discussion
Bubble nucleation is analyzed through the evolution of

atomic trajectories. As shown in Fig. 2, bubble nucleation ini-
tiates at the solid–liquid interface, with two distinct types of
nucleation sites identified. One type of favorable nucleation
site is located inside the groove, where high superheat condi-
tions exist because of proximity to the heat source. The other
type is located at the adsorption sites of N2 molecules on the
substrate, consistent with the gas adsorption layer theory.[40,41]

The bubble nucleation process within the groove follows a dis-
tinct pattern. On surfaces with a single groove (i.e., Model #1
in Figs. 2(a)–2(c)), bubble nucleation begins inside the groove
and grows to occupy the groove mouth. This process contin-
ues as the bubble enlarges, with the three-phase contact line
moving away from the groove edge. Eventually, a vapor film
forms above the surface, pushing the water nanofilm away. In
contrast, on surfaces with multiple continuous grooves (i.e.,
Model #3 in Figs. 2(d)–2(f) and Model #5 in Figs. 2(g)–2(i)),
bubble nucleation occurs separately within each groove. Once
each bubble occupies the mouth of its respective groove, co-
alescence occurs, forming a larger bubble that extends across
the junction between the grooved and planar areas of the sur-
face. Subsequently, similar to surfaces with a single groove,
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a vapor film forms as the larger bubble grows. Surfaces with
two or four grooves exhibit similar bubble nucleation behavior
and are therefore not shown here.

0 ns 0.50 ns 0.54 ns 0.57 ns 0.58 ns 0.61 ns 0.63 ns

(b)

(c)

0 ns 0.53 ns 0.57 ns 0.59 ns 0.61 ns 0.62 ns 0.65 ns

(a)

0 ns 0.33 ns 0.38 ns 0.40 ns 0.45 ns 0.48 ns 0.54 ns

ns

0 ns 0.33 ns 0.41 ns 0.45 ns 0.47 ns 0.49 ns 0.55 ns

(e)

0 ns 0.25 ns 0.33 ns 0.36 ns 0.39 ns 0.41 ns 0.47 ns

0 ns 0.36 ns 0.45 ns 0.49 ns 0.50 ns 0.51 ns 0.55 ns

(d)

(f)

0 ns 0.28 ns 0.30 ns 0.31 ns 0.33 ns 0.35 ns 0.41 ns

(h)

0 ns 0.18 ns 0.22 ns 0.24 ns 0.26 ns 0.27 ns 0.37 ns

0 ns 0.29 ns 0.32 ns 0.37 ns 0.38 ns 0.42 ns 0.44 ns

(g)

(i)

Fig. 2. Snapshots of atomic trajectories at representative time points.
Model #1: A single groove on surfaces with (a) hydrophobic, (b) neutral,
and (c) hydrophilic wettability. Model #3: Three continuous grooves on
surfaces with (d) hydrophobic, (e) neutral, and (f) hydrophilic wettability.
Model #5: Five continuous grooves on surfaces with (g) hydrophobic,
(h) neutral, and (i) hydrophilic wettability.

Moreover, the atomic trajectories reveal the effects of
surface roughness and wettability on bubble nucleation rates.
Based on the bubble behaviors described above, two key time
points are used to characterize the bubble nucleation rate. The
first corresponds to the moment when a bubble on single-
grooved surfaces, or a coalesced bubble on multiple-grooved
surfaces, occupies the mouth of the groove(s) (referred to in

the literature as the nucleation cavity state). The second corre-
sponds to the formation of a continuous vapor film above the
surface. The characteristic times, namely the nucleation cav-
ity state time and the vapor film formation time, are plotted in
Fig. 3. It is observed that bubble nucleation accelerates with
increasing surface roughness, whereas it slows down with in-
creasing surface hydrophilicity.
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T
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Fig. 3. Characteristic times of bubble nucleation: (a) nucleation cavity
state time and (b) vapor film formation time.

The increase in bubble nucleation rate with increasing
surface roughness is in good agreement with previous MD
studies.[15–17] However, the decrease in bubble nucleation rate
with increasing surface hydrophilicity conflicts with previous
MD studies focusing on the effect of wettability on the boiling
of pure fluids without insoluble gas.[18–22] This suggests that
the presence of insoluble gas significantly affects bubble dy-
namics. To uncover the underlying mechanisms, the density
distribution, N2 adsorption on surfaces, interfacial thermal re-
sistance (ITR), and temperature variation are analyzed in de-
tail.
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Fig. 4. Density distribution diagrams at specific time points for cases with
different surface roughness and wettability conditions: (a) Model #1, hy-
drophobic, 0.45 ns; (b) Model #1, neutral, 0.51 ns; (c) Model #1, hy-
drophilic, 0.61 ns; (d) Model #3, hydrophilic, 0.5 ns.
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As shown in Fig. 4, bubble nucleation occurs adjacent
to the bottom substrate. For Model #1 with a hydrophobic
surface (Fig. 4(a)), distinct low-density regions appear above
the substrate surface as early as 0.45 ns, resulting from pref-
erential bubble nucleation and rapid growth in these regions.
Additionally, the bubbles exhibit a flattened shape due to the
hydrophobic nature of the surface, which reduces the adhesion
force of liquid H2O molecules and lowers the nucleation en-
ergy barrier.[42,43] For Model #1 with neutral and hydrophilic
surfaces, the low-density regions form at 0.51 ns and 0.61 ns,
as illustrated in Figs. 4(b) and 4(c), respectively. It is observed
that the low-density area enlarges with increasing surface hy-
drophilicity. Furthermore, separate bubble nucleation sites in-
side the grooves are observed as multiple discrete low-density
regions, as shown in Fig. 4(d).

To further elucidate the significant role of insoluble N2

molecules in bubble nucleation, the temporal evolution of the
number of N2 molecules within a 20 Å layer from the bottom
of the groove is quantified, as shown in Fig. 5. The number of
N2 molecules in the selected regions increases with increasing
surface roughness, which is attributed to additional adsorption
sites available for N2. In contrast, the number of N2 molecules
decreases with increasing surface wettability because of com-
petitive adsorption between H2O and N2 molecules on the sub-
strate surface. Two distinct stages are observed in the evolu-
tion of N2 molecules: an initial increasing stage followed by
a rapid decreasing stage. The initial increase in N2 molecules
is driven by enhanced gas diffusion as the system temperature
rises. Once a continuous vapor film forms over the substrate
(i.e., complete drying of the surface), the external heat flux
further heats the substrate, leading to a rapid decline in the
number of N2 molecules. Since N2 clusters act as pre-existing
nucleation sites, surfaces with higher roughness and weaker
wettability exhibit superior bubble nucleation performance.
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Fig. 5. Temporal evolution of the number of N2 molecules within a 20 Å
layer from the bottom of the groove.

The heat transfer from the bottom Cu plate to the liq-
uid film is the primary driving force for bubble nucleation.
Although a constant heat flux is applied, the interfacial heat
transfer efficiency is regulated by wettability. Consequently, to
quantitatively compare the effect of wettability, the interfacial
thermal resistance (ITR) at the solid–liquid interface between
the bottom plate and adjacent water was calculated, with its
temporal evolution shown in Fig. 6. The ITR is calculated us-
ing the Kapitza formula[44]

RK =
T2−T1

q
, (8)

where T2 is the average temperature of the top three layers of
Cu atoms at the bottom plate, T1 is the average temperature
of the liquid H2O in the selected region (the 20 Å-thick layer
shown in Fig. 5), and q is the heat flux from the heat source.
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Fig. 6. Temporal evolution of solid–liquid ITR.

As shown in Fig. 6, the ITRs are compared between sur-
faces with different roughness and wettability conditions. In
line with previous MD studies,[18,22] the ITR decreases with
increasing surface hydrophilicity. However, the impact of ITR
on boiling performance in the present study contrasts with ear-
lier findings. Previous MD studies suggest that lower ITR,
achieved by hydrophilic surfaces, enhances heat transfer from
the superheated solid to the liquid, which raises the liquid
temperature near the solid surface and facilitates bubble nu-
cleation. In contrast, the present work shows that hydropho-
bic surfaces, with higher ITR, exhibit better bubble nucleation
performance. It should be noted that while lower ITR reflects
higher heat transfer efficiency across interfaces, the apparent
discrepancy between previous studies and the present work
arises from methodological differences. In previous MD stud-
ies, the temperature of the solid substrate is controlled by a
thermostat, and the heat flux from the solid substrate to the
liquid is the response. In the present work, however, the heat
flux is fixed, and the temperature difference between the solid
and liquid serves as the response. Compared to hydrophilic
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surfaces, the less efficient heat transfer across a hydropho-
bic surface causes thermal accumulation and a correspond-
ing rise in substrate temperature, which enlarges the tempera-
ture difference between the substrate and the liquid. With the
presence of insoluble gas, bubble nucleation is favored at the
solid–liquid interface. Therefore, hydrophobic surfaces, with
their higher temperature, facilitate bubble nucleation more ef-
fectively than hydrophilic surfaces. This observed reversal of
the wettability effect — where hydrophobic surfaces promote
nucleation despite their higher ITR — signals a fundamen-
tal shift in the dominant nucleation mechanism compared to
pure-fluid systems. In MD studies of pure-water boiling (e.g.,
Bai et al.[18] and Yin et al.[22]), nucleation is predominantly a
heat-transfer-limited process. Hydrophilic surfaces, with their
stronger solid–liquid interaction and lower ITR, enable more
efficient heat injection into the liquid, leading to earlier vapor-
ization and nucleation. In contrast, the presence of insoluble
N2 in our system introduces a cavitation-driven mechanism.
As quantified in Fig. 5, hydrophobic surfaces adsorb signifi-
cantly more N2 molecules, which serve as pre-existing, stable
gas cavities. These cavities drastically reduce the energy bar-
rier for bubble formation. Consequently, nucleation becomes
primarily gas-availability-limited. Although the higher ITR of
hydrophobic surfaces impedes heat transfer (Fig. 6), the over-
whelming advantage of abundant gas nucleation sites, coupled
with localized heat accumulation (resulting from that same
higher ITR), leads to earlier nucleation. This paradigm shift
from a thermal-dominant to a cavitation-dominant mechanism
explains the apparent contradiction with prior pure-fluid stud-
ies and underscores the critical role of insoluble gas in mod-
ulating surface-wettability effects. As the bubble evolves, the
ITR exhibits dynamic changes at different stages: it increases
slightly during initial bubble nucleation and rises sharply upon
the formation of a vapor film. Once a continuous vapor film
forms, the ITR becomes irrelevant due to the sharp decrease in
H2O molecules in the selected region.

To gain deeper insight into the bubble nucleation mech-
anism at the solid–liquid interface, the temperature variation
of the copper substrate within the selected region was inves-
tigated. The results show that adsorption of nitrogen on the
surface reduces interfacial heat transfer efficiency, leading to
thermal accumulation and a temperature rise at the bottom
copper substrate, which in turn promotes bubble nucleation at
this location. As shown in Fig. 7, a more pronounced temper-
ature increase of the copper substrate is observed on surfaces
with higher roughness and weaker wettability, further confirm-
ing the mechanism of gas adsorption–thermal accumulation–
nucleation enhancement described above.
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Fig. 7. Temperature change of the bottom copper plate.

4. Conclusion

This study investigated the effects of surface roughness
and wettability on the nucleation and growth of bubbles dur-
ing water boiling on a copper substrate, with a special focus
on the presence of insoluble gas. The main findings are sum-
marized as follows:

(i) Surface roughness effects: Under constant wettabil-
ity, increasing surface roughness significantly enhances bub-
ble nucleation through a dual mechanism. The enlarged effec-
tive heat transfer area improves thermal transfer into the liquid
phase, leading to a faster temperature rise in the liquid adja-
cent to the solid substrate. Simultaneously, groove-rich struc-
tures provide additional nucleation sites, facilitating cooper-
ative bubble growth and rapid coalescence, which effectively
shortens nucleation time.

(ii) Wettability effects: Under constant roughness, wet-
tability modulates the nucleation process by influencing the
heat transfer efficiency at the solid–liquid interface. The less
efficient solid–liquid heat transfer of hydrophobic surfaces
leads to localized heat accumulation and the formation of pro-
nounced superheated zones, resulting in an earlier onset of
bubble nucleation.

(iii) Role of insoluble gas: This study incorporated N2

molecules to mimic the role of insoluble gases in real systems.
It was found that N2 adsorption on the Cu substrate creates
natural cavitation sites, which serve as stable nuclei for bubble
formation, thereby enhancing nucleation capability and accel-
erating bubble generation. These results are consistent with
macroscopic observations of bubble nucleation to some extent.

Thus, surface roughness and wettability collectively op-
timize the availability and stability of gas-based nucleation
sites, fundamentally shifting the nucleation mechanism. This
synergistic effect explains the superior performance compared
to any single-factor modification.
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