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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• A transition from film thinning to 
thickening was observed in electrolyte 
solutions.

• Ion-induced Marangoni flow was 
confirmed to compete with the normal 
drainage outflow.

• Theoretical developments were pro
vided to characterize the position of 
flow balance.

• Specific ion effect on dynamic film 
evolution was discussed.
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A B S T R A C T

Hypothesis: The distribution of dissolved ions depends largely on the position and shape of air-water interfaces. 
Following the interfacial interaction, both the surface deformation and reduced separation distance may induce 
different ion concentrations in liquid film and bulk solutions. The consequent Marangoni effect should change 
the flow dynamics inside the liquid films and thus influence the film evolution process.
Experiments: In this study, a home-made interferometer is employed to obtain the spatiotemporal evolution of 
film profiles during the bubble-solid surface interaction. The quantification of film thickness enables the 
determination of micro/nanoscale fluid flow from liquid films.
Findings: Unlike the common cases of continuous film drainage behaviors, the film thickness at the rim exhibits a 
counterintuitive increase, causing the previously approaching bubble to retract from solid surfaces. It is revealed 
how the inward flow can surpass the drainage outflow and reverse the normal film evolution. Theoretical de
velopments involving the electrolyte type, ion concentration and film deformation are provided to describe this 
competition and address the film thinning-thickening anomaly. Our finding enriches the understanding of the 
microscopic fluid flow in highly confined and deformed regions, and the research outcome creates the possibility 
of modulating near-wall bubble dynamics as required.
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1. Introduction

Water is a precious resource worldwide and all life depends on it. 
More than 95 % of the water on the earth contains high electrolyte 
concentrations, which inevitably results in some fascinating phenomena 
in the natural world and human society with dissolved ions, such as the 
sea salt aerosols [1], hydrogen production [2] and foaming flow [3]. 
Owing to the ionic effect on the inhibition of long-range electrostatic 
forces [4–6], the basic physicochemical processes are more determined 
by the selective interaction at the microscopic scale, which can be 
diverse and relate to impressive mechanisms. A typical example con
cerns the relatively stable bubbles in salty water, which are rarely 
observed in freshwater (e.g., lakes and rivers) [7]. To describe this 
phenomenon, previous literature has proposed the ionic distribution 
principle and the nanoscale solute transport behavior [8,9]. The broad 
applicability has been substantiated based on the continuous investi
gation on the ion hydration, molecular orientation within the near- 
surface region and hydrogen-bonding networks of water in electrolyte 
solutions [10–12]. Such studies on the ion-water interaction have made 
significant advances and more recently, experimental evidence has 
demonstrated that the affinity of ions is region-selective, either enriched 
in the subsurface area or depleted beyond the outermost surface [13]. 
This feature clearly suggests that the distribution of ions is strongly 
influenced by the interfacial geometry and position.

A deformed air-water interface can readily occur during the dynamic 
interaction of an air bubble with the solid surface in aqueous systems 
[14–16]. In particular, when ample liquid is present between them, the 
higher hydrodynamic pressure than the Laplace pressure inside bubbles 
can induce an inverted air-water interface (called a “dimple”) [17–19]. 
Accompanying the continuous liquid film drainage, the decreasing dis
tance between the bubble and the solid surface can be presented as a 
function of space and time [15,20], thereby giving rise to dynamic ion 
distributions within the near-surface region. The consequent changes in 
solutal contents inside the intervening liquid should cause surface excess 
and surface tension gradients along the curved air-water interface, 
which generates an inward flow to compete with the liquid outflow 
during film thinning [21]. Depending on the flow competition inside the 
film region, different thin film dynamics can occur, including thinning, 
ceasing and thickening behaviors. For example, Velev et al. [22] found 
the cyclic dimpling phenomenon in emulsion films because of the sur
factant redistribution, and Suja et al. [23] reported the evaporation- 
driven foam stabilization mechanism, which is associated with the sol
utocapillary Marangoni flows and the consequent fluctuations of film 
thickness. Herein, by employing the thin-film interference technique, we 
found that the inverse flow could actively break the flow balance and 
drive the previously approaching bubble away from the solid surface to 
some extent, characterized by an increase in the minimum film thick
ness. This thinning-thickening anomaly prolongs the time required for 
liquid films to reach the critical thickness (the minimum thickness for 
liquid films to reach) and reveals a knowledge gap in understanding the 
counterintuitive microscopic dynamics.

In this work, the whole process of dynamic film evolution is obtained 
when an air bubble approaches the solid surface in different electrolyte 
solutions. Analyzing the recorded interference fringes enables the 
quantification of the film profiles, revealing an unexpected transition 
from liquid film thinning to thickening. To be specific, the film thickness 
initially exhibits a rapid reduction due to the decreased range of elec
trostatic repulsion between the bubble and the solid surface from about 
200 nm in Milli-Q water to tens of nanometers in electrolyte solutions. 
Thereafter, the thinnest position starts to become thicker. Along the 
highly curved air-water interface, a radial position (ru) with unchanged 
thickness (hu) over time is identified. By reducing the electrolyte con
centration or mitigating the deformation at the air-water interface, the 
ru position can be transferred to the rim, and the film thickening 
behavior disappears, suggesting that this phenomenon can be 
controlled. Based on the established relationship of hu, the dependence 

of film evolution on the coupling of electrolyte type, ion concentration 
and surface deformation is elucidated. The findings are thus expected to 
provide significant insights for mediating nanoscale fluid flow and 
controlling bubble behaviors near the solid surface in aqueous systems.

2. Materials and methods

2.1. Materials and solution preparation

Potassium chloride (KCl), sodium chloride (NaCl), and calcium 
chloride (CaCl2) of ACS grade were bought from Sigma-Aldrich (Merck, 
Germany). Standard solutions of hydrochloric acid (HCl) and sodium 
acetate (NaAc) with 1.0 M in concentration were used as received. 
Before each experiment, the electrolyte powder was calcined at 600 ◦C 
for 12 h to remove potential impurities. In each experiment, Milli-Q 
water with a specific resistivity equal to 18.2 MΩ⋅cm was employed to 
prepare the electrolyte solutions. The raw silica wafers were carefully 
cleaned following the successive stages of pickling and water washing. 
The dried substrates by a constant nitrogen flow were then placed in a 
UV-ozone cleaner to ensure the complete removal of surface contami
nants. To realize the hydrophobization of wafers for immobilizing air 
bubbles during the AFM bubble probe measurement, vapor deposition 
method was employed. The cleaned sample placed on a bracket was 
initially transferred to a sealed beaker, where 1–2 mL of trimethyl
chlorosilane (Sigma-Aldrich) was introduced. The silanization reaction 
occurred through the chemical mechanism of (CH3)3SiCl+ − Si − OH→ 
HCl+ − Si − O − Si(CH3)3, after which the hydrophobized samples 
were washed rinsed, dried, and collected.

2.2. Thin-film interference technique

High-speed microscopic interferometry is employed to obtain the 
quantitative data of film evolution between the bubble and the solid 
substrate. A schematic diagram of the experimental setup is shown in 
Fig. S1. The bubble motion (approach and retraction) in an observation 
cell is controlled by a lifting platform, which can be visualized by the 
side-view high-speed camera (PHOTRON AX50). Once the bubble rea
ches the solid surface, some liquid will be trapped in between, and light 
will be reflected off the water-solid and air-water interfaces, respec
tively. As such, the reflected light can interfere with each other 
destructively or constructively to form alternately dark and bright rings 
(called newton rings or interference fringes). As such, the interference 
fringes can be observed and recorded by the inverted microscope 
(OLYMPUS IX73) connected with the other high-speed camera (PHO
TRON AX200). After the conversion of grayscale images and the 
extraction of light intensity of interference fringes as a function of time 
and space I(r, t), the spatiotemporal film thickness h(r, t) can be calcu
lated based on the following expressions. The uncertainty in the esti
mation of film thickness can be found in Supplementary Materials. 
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where λ represents the monochromatic light wavelength, Δ is the 
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normalized light intensity, Imin and Imax are the maximum and minimum 
light intensity, respectively, m denotes the order of interference fringe, 
n1, n2 and n3 correspond to the reflective indexes of the air bubble, 
liquid, and silica, respectively [15].

2.3. AFM bubble probe technique

As shown in Fig. S2, the atomic force microscope (AFM, Asylum 
Research MFP-3D) bubble probe technique can be employed to directly 
measure the bubble-substrate interaction force during the approach and 
retraction processes in aqueous systems. Before each experiment, a 
custom-made tip-less AFM cantilever (rectangular shape: 500 μm × 50 
μm × 2 μm) coupled with a circular gold patch (radius 32.5 μm) at the 
end is initially immersed under the aqueous condition of 10 mM 1- 
dodecanethiol in ethanol solutions for more than 12 h to complete 
hydrophobization. In this scenario, the micrometer-sized bubbles pre
viously immobilized on the solid surface with weak hydrophobicity 
(water contact angle ~30◦) can be picked up by the gold patch 
[4,24,25]. An inverted microscope (Nikon ECLIPSE Ti2) is connected 
with the AFM system to aid visualizing the prepared cantilever. Subse
quently, the AFM bubble probe can be thus transferred to the other 
hydrophilic solid surface and controlled to interact with target areas of 
the solid substrate. To make comparison between the experimental and 
theoretical interaction forces, Eq. (5) can be employed [4]. 

F(t) = 2π
∫ ∞

0
[p(r, t)+Π(r, t) ]rdr (5) 

where p(r, t) denotes the hydrodynamic pressure, and Π(r, t) represents 
the disjoining pressure. According to the DLVO theory, Π(r, t) is mainly 
contributed by the van der Waals (Πvdw) and electrical double layer 
interactions (Πedl), which could be calculated as follows [16]: 

Π = −
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where A denotes the Hamaker constant, h represents the instantaneous 
film thickness between the bubble and the solid surface, n is the amount 
of salt ions per unit volume inside the film solution, kB is the Boltzmann 
constant, T represents the absolute temperature, ze is the charge of the 
dissolved ions, ϕb and ϕs denote the surface potentials of the bubble and 
the solid surface, respectively, and κ refers to the reciprocal of the Debye 
length that is correlated with the ion concentration c [26]. Therein, c is 
considered as 5.6 × 10− 6 M in Milli-Q water and ϕb is taken as − 40 mv 
[27,28].

2.4. Theoretical models

The fluid flow within the film region is usually described by the 
Reynolds lubrication theory in Eq. (7) due to the small Reynolds number 
involved. Additionally, the continuity equation can be expressed in Eq. 
(8). 

∂p
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= μ ∂2u
∂z2 (7) 
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where u(r, z, t) denotes the fluid velocity inside the liquid film, z is the 
radial separation distance. Therein, z = 0 and z = h correspond to the 
positions of the solid substrate and the air-water interface. For the 
interaction of the bubble with the solid surface in pure solvents, 
combining Eqs. (7) and (8) produces Eq. (9) without the second term on 
the right-hand side. However, the presence of electrolytes is expected to 
induce surface tension gradients along the air-water interface, thus 

giving rise to an additional component following μ(∂u/∂z) = ∂σ/∂r [29]. 
Consequently, the model for describing the film evolution in electrolyte 
solutions becomes: 
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The hydrodynamic pressure p(r, t) can be determined by the Young- 
Laplace equation in Eq. (10). 

p =
2σ
Rb

−
σ
r

[
∂h(r, t)

∂r
+ r

∂2h(r, t)
∂r2
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− Π (10) 

3. Results

3.1. Spontaneously thickened liquid film in electrolyte solutions

According to the previous literature [22–24], dissolved ions in so
lutions can either contribute to or slow down liquid film thinning be
tween the bubble and the solid surface because of the inhibited electrical 
double-layer interaction and the Marangoni effect. Despite the above 
effects, the net liquid transport from film regions is generally reported to 
follow a fixed direction targeting overall drainage [30]. However, as 
shown in Fig. S3A, the anomalous change of interference fringes in 
chronological order under the condition of 100 mM KCl is presented. 
This shows that unlike the normal evolution of alternately dark and 
bright rings, corresponding the light intensity changing between 0 and 
1, the presence of electrolytes can cause partially bright interference 
fringes at the rim to be darker rather than become completely bright, 
evidenced by the transition of light intensity from t1 to t3 in Fig. S3B. 
According to the obtained film thickness as a function of time, it can be 
found that the liquid film starts to become thickened after the film 
thickness at the rim reaches about 30 nm at t3 in Fig. S3C. As such, a 
reversed liquid film evolution can be illustrated in Fig. S3D.

By contrast, Fig. 1A shows a monotonic drainage process in the 
absence of electrolytes. The liquid film at the rim initially thins faster as 
it is the thinnest region. Subsequently, the central film thickness exhibits 
an obvious reduction from 772 nm at 1.44 s to about 120 nm at 18.98 s. 
During the same period, the rim thickness is only decreased by 
approximately 50 nm. As such, the dominant position of liquid film 
drainage is gradually changed from the rim to center until a completely 
flat liquid film is formed. This outcome can be attributed to the elec
trostatic repulsion between the negatively charged bubble and silica 
surfaces, which agrees with the results in previous literature [31]. Under 
the action of electrolytes, the range of electrostatic forces can be 
significantly decreased to tens of nanometers. As such, a faster film 
thinning rate at the rim is observed due to the lack of repulsion (Fig. 1B), 
evidenced by the rim thickness of 173.9 nm in Milli-Q water and 102.4 
nm in 100 mM KCl solution at the same time. Generally, the rim position 
is the only gateway for liquid exchange between the film the bulk so
lutions. With decreasing rim thickness, the film thinning rate at the 
center is expected to slow down, which is responsible for longer duration 
of the highly curved air-water interface in electrolyte solutions (Fig. 1C 
and D). As shown in Fig. 2A, it can be found that the liquid film in 100 
mM KCl initially keeps drainage until the rim thickness reaches about 
39 nm at t = 8.42 s. Following this, the central and rim regions show 
respective decreasing and increasing trends, indicating that the liquid 
film cannot reach the critical thickness in 100 mM KCl solution before 
the occurrence of film thickening.

To verify that the van der Waals and electrostatic interactions are 
consistent with the DLVO theory, the direct force measurement is ach
ieved by employing the AFM bubble probe technique, when the bubble 
interacts with the solid surface. As shown in Fig. 2B, good consistency 
between the measurements and theoretical interaction forces in 100 mM 
KCl solution proves that the prediction by the DLVO theory is accurate. 
In this scenario, the DLVO forces are not the driver causing the film 
thickening anomaly. Otherwise, some deviation should occur in Fig. 2B. 
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Fig. 1. Three-dimensional film profiles varying with time in (A) Milli-Q water and (B) 100 mM KCl solution (Rb = 1.20 mm, Ub = 1.00 mm/s). Lifetime of liquid 
films in (C) Milli-Q water and (D) 100 mM KCl solution.

Fig. 2. (A) Evolution of the rim thickness under various aqueous systems (Rb = 1.00 mm, Ub = 1.00 mm/s). (B) Measured and theoretical interaction forces as a 
function of time in 100 mM KCl solution. (C) Competition between the Laplace pressure and the disjoining pressure in different solution environment. Therein, the 
disjoining pressure originates from the van der Waals interaction and electrostatic interaction.
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Meanwhile, by further analyzing the time-dependent film evolution 
process in KCl solutions with respective concentrations of 0 mM (Milli-Q 
water) and 10 mM KCl, the rim thickness keeps almost unchanged after 
the equilibrium thickness is reached. Based on the report in previous 
literature [25,32–34], ϕs is equal to − 148 mv, − 50 mv and − 32 mv in 0 
mM (Milli-Q water), 10 mM and 100 mM KCl solutions, respectively. 
With increasing ion concentrations, the Debye length κ− 1 should be 
decreased [26], hence limiting the dominant range of electrostatic 
repulsion. A typical result in electrolyte solutions of different concen
trations is displayed in Fig. 2C. Obviously, according to the DLVO the
ory, the liquid film reaches equilibrium in Milli-Q water due to the 
electrostatic repulsion between the negatively charged bubble and silica 
surfaces. By contrast, in 10 mM KCl solution, based on the reduced 
dominant range of electrical double-layer interaction, the film thickness 
exhibits until the critical thickness is reached at about t = 12 s. Subse
quently, the minimum film thickness remains almost unchanged.

It is important to note that the critical film thickness predicted by the 
DLVO theory is decreased from more than 100 nm in Milli-Q water to 
about 18 nm in 100 mM KCl solution (Fig. 2C). After the end of film 
thickening, the liquid film in 100 mM KCl solution finally becomes 
flattened at about 1000 s (Fig. 1D) and reach the steady state with a 
thickness of ~18 nm, further validating the accuracy of the DLVO the
ory. Regarding the transition from normal film drainage in 10 mM KCl 
solution to film thickening in 100 mM KCl solution, the spontaneously 
thickened liquid film should largely depend on electrolyte concentra
tions, which deserves further consideration and investigation.

3.2. Effect of electrolyte concentrations on film thickening

To elucidate the underlying mechanism of thickened liquid film, the 
spatiotemporal evolution of film profiles is analyzed in KCl solutions of 
higher concentrations. It can be observed from Fig. 3A that at the 
beginning, the film evolution process exhibits little difference under 
different conditions. Nevertheless, this situation changes over time 
when the film thickness reaches a local minimum value hmin. Thereafter, 
the rim thickness is increased by tens of nanometers, as opposed to the 
decrease of central thickness by hundreds of nanometers (Fig. 3B). With 
the electrolyte concentrations increasing, the film thickening behavior is 
identified at a larger rim thickness (Fig. 3A). For example, the rim 
thickness is increased to about 40 nm in 100 mM KCl solution, compared 
to more than 70 nm in 300 mM and 600 mM KCl solutions. Additionally, 
it should be noted that previous literature has found a negligible change 

of solution viscosity despite the increased KCl concentrations [35,36]. 
This can also be supported by Figs. 2A, 3A and B where the evolution of 
film thickness in KCl solutions of different concentrations is almost 
consistent with each other before the liquid film thinning-thickening 
anomaly occurs. As such, the effect of solution viscosity on this thick
ening anomaly can be ruled out.

As shown in Fig. 3C, the rim thickness measured relative to hmin, 
[h(rrim, t) − hmin] is limited within the range of approximately 10 nm in 
100 mM KCl solution, compared to 40 nm in 300 mM KCl solution and 
50 nm in 600 mM KCl solution. Theoretically, larger rim thickness is 
expected to promote the film thinning behavior at the center. This is 
attributed to the immobile boundary conditions at the liquid-solid 
interface where the fluid flow velocity within the near-wall region 
should exhibit a gradual reduction. [37,38] and thus induce slower 
liquid outflow rate, which is consistent with faster central film thinning 
rate in Milli-Q water than in 100 mM KCl solution (Fig. 1A and B). 
However, on the contrary, regarding larger rim thickness under the 
condition of high-concentration electrolytes, the central film thinning 
rate shows an obvious slowdown, and less reduction in the maximum 
film thickness is measured. For example, the central thickness measured 
relative to hmax, [h(0, t) − hmax], is close to 360 nm in 100 mM KCl so
lution, which is about twice as large as those in the presence of higher 
concentrations. Such a sharp contrast proves that the influence of ions 
on liquid film evolution can be region-dependent.

3.3. Transition between film thinning and thickening

Based on the analysis of film profiles in Fig. 3C, we can discover an 
intersection point of different curves, which corresponds to a film 
thickness (hu) that does not change over time at the position ru. For the 
film thickness larger or smaller than hu, the respective decreasing or 
increasing trend can be observed in corresponding film profiles. The 
comparative evolution of recorded interference fringes shows the 
dividing line (ru, hu). This position can be transferred to the rim without 
the occurrence of film thickening behavior by employing smaller bub
bles (Fig. 4A), suggesting that there exists a bubble size threshold 
associated with the film thickening behavior. As shown in Fig. 4B, the 
film thickness at the rim normalized by the bubble radius (h(rrim, t)/Rb) 
can be described as a function of the time nondimensionalized by the 
viscous time scale (t/tc = σt/μRb) [39]. According to the results, when 
the bubbles of different size approach the solid surface at the speed of 1 
mm/s in 100 mM KCl solution, good consistency can be obtained for 

Fig. 3. Time-dependent film thickness at the (A) center h(0, t) and (B) rim h(rrim, t) when the bubble (Rb = 1.00 mm, Ub = 1.00 mm/s) approaches the substrate. 
Therein, the local minimum film thickness hmin and the local maximum film thickness hmax can be obtained when the liquid film transitions from thinning to 
thickening or from thickening to thinning. (C) Measured film thickness at the rim and the center relative to the local minimum film thickness hmin and the local 
maximum film thickness hmax, respectively. (D) Evolution of film profiles in 300 mM KCl solutions.
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relatively larger bubbles exhibiting the film thickening behavior. This 
outcome creates the possibility of characterizing the film thinning- 
thickening anomaly based on the above relationship. By comparison, 
for the bubble with 0.86 mm in radius, the liquid film basically remains 
unchanged after reaching the equilibrium thickness, which is respon
sible for a deviation from the trend for the other bubble sizes at later 
times. This outcome suggests that the relationship between h(rrim, t)/Rb 
and t/tc is applicable to the characterization of both film thinning and 
thickening behaviors. Regarding the conditions of different Ub, the 
dimensionless capillary number Ca can be introduced with the rim 
thickness scaled by RbCa0.25 (Fig. S6).

Besides the bubble size, the film thickening behavior can also be 
observed with increasing electrolyte concentrations. When the KCl 
concentration is increased to 300 mM, the film thickening behavior is 
maintained despite small deformation of liquid films (Fig. 4A). As such, 
in the current study, it is indicated that the threshold of film deformation 
mainly exists in electrolyte solutions of relatively low concentrations. 
Basically, the main difference induced by bubble size is associated with 
the degree of film deformation (dimple height), which can be charac
terized by hmax. For instance, when the bubble radii are equal to 0.86 and 
1.00 mm, the central film thickness equals about 800 nm and 1000 nm at 
5.60 s, respectively. This is attributed to larger bubbles with lower 
Laplace pressures, resulting in their weakened ability to resist hydro
dynamic pressure. Meanwhile, under the condition of larger bubble 
motion velocities, the film thickening behavior can be recorded even for 
small bubbles, which is also associated with the film deformation. Based 
on the coupling of bubble size and motion velocity, different film 
deformation can be produced in 100 mM KCl solution.

To provide the theoretical development and predict the change of 
film deformation, we can start with the Stokes-Reynolds-Young-Laplace 
equation. At the center of liquid films, the boundary conditions (∂p/∂r =

∂σ/∂r = ∂h/∂r = 0) can be applied because of the axisymmetric feature. 

In this scenario, Eq. (9) can be rearranged into ∂h/∂t =
(

h3/3μ
)(

∂2p/∂r2) −
(

h2/2μ
)(

∂2σ/∂r2). Therein, by introducing p0 =

σ/Rb, the radial dimension r0 =
̅̅̅̅̅̅̅̅
Rh0

√
, and h0/t0 = Ub [40], we can 

obtain the expression of Ca ∼ h2
0/3R2

b − h0/2Rb (Ca = μUb/σ denotes the 
capillary number). As such, the relationship between hmax and Ca can be 
simplified as hmax ∼ Rb

̅̅̅̅̅̅
Ca

√
. Similar relationship in the form of hmax ∼

Rb
̅̅̅̅̅̅
Ca

√
has been reported by Zhang et al. [6], and Bai et al. [40]. By 

presenting hmax as a linear function of Rb
̅̅̅̅̅̅
Ca

√
, we can obtain the theo

retical value to predict the dynamic film evolution in 100 mM KCl so
lution (Fig. 4C). As shown, when the value of Rb

̅̅̅̅̅̅
Ca

√
is larger than about 

3000 nm, the film thickening anomaly can be observed.

3.4. Flow competition inside the liquid films

In general, the change of film profiles is closely associated with the 
intervening liquid amount between the bubble and the solid surface 
[41]. By calculating the trapped liquid volume (VL) based on the 
spatiotemporal evolution of film thickness, a significant insight can be 
provided into the liquid transport behavior inside the film region. Due to 
the existence of (ru, hu), the balance between the inward and outward 
flows should be reached at that position, making it possible to divide VL 
into the trapped liquid volume within the central (VLc) and rim (VLm) 
regions, which can be described as follows: 

VL =

∫ rm

0
2πrh(r, t)dr =

∫ ru

0
2πrh(r, t)dr

⏟̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
VLc

+

∫ rm

ru

2πrh(r, t)dr
⏟̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅ ⏟

VLm

(11) 

According to the respective decreasing and increasing trend of VLc 

and VLm in Fig. 5A, we can confirm that there exist two different flow 
modes (i.e., outflow and inward flow) inside the film region. With 
increasing electrolyte concentrations, the inward flow is significantly 
enhanced, whereas the normal drainage outflow at the center is signif
icantly inhibited. To be more specific, the reduced value of VLc is about 
3.86 pL in 100 mM KCl solution, which is about twice as large as those in 
the presence of higher KCl concentrations. Such a sharp contrast dem
onstrates that although the film thinning behavior is dominant at the 
center, the ion-induced inward flow can mediate the normal drainage 
outflow from the highly trapped region and thus change film evolution. 
Notably, the curves illustrating the change of trapped liquid volume are 
expected to reach the steady state after a certain time interval, and even 
a declined trend can be observed in 100 mM KCl solution. This result 
indicates that there exists a duration period for the film thickening 
behavior, after which the normal film drainage behavior should be 
recovered. To characterize this duration, the time window within which 
the stationary point (ru, hu) remains unchanged is presented in Fig. 5B. 

Fig. 4. (A) Illustration of recorded interference fringes describing the influence of maximum film deformation hmax and electrolyte concentration c on inducing the 
film thickening behavior under different conditions. (B) Rim thickness scaled by the bubble radius presented as a function of time nondimensionalized by the viscous 
time scale. (C) Maximum film thickness hmax as a function of Rb

̅̅̅̅̅̅
Ca

√
in 100 mM KCl solution. The results are obtained by employing different bubble velocity 

(Ub=0.50 mm/s, and 1.00 mm/s) and size (Rb=0.86 mm, 0.93 mm, 1.00 mm, 1.07 mm, 1.13 mm and 1.20 mm).
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The results show that with the bubble size increasing, the existence time 
of (ru, hu) exhibits an increasing trend. This can be associated with the 
decreased Laplace pressure of larger bubbles that weakens the ability to 
promote liquid outflow. In this scenario, the period of flow competition 
is prolonged.

4. Discussion

4.1. Distance-dependent roles of electrolytes during film evolution

During the interaction between the bubble and the solid surface, 
dynamic film evolution at large separation distance (> 200 nm) is not 
substantially influenced by the electrolyte. According to the DLVO 
theory, the dominant range of the electrical double layer force is around 
200 nm in Milli-Q water and less than 20 nm in 100 mM KCl solution, 
which should be responsible for their consistent film profiles at different 
times in Fig. 6A. In addition, good consistency between the experimental 
results and theoretical predictions is obtained by modelling a bubble 
with mobile interfaces. As such, the purity of employed electrolyte so
lutions can be guaranteed because even a trace amount of impurities is 
capable of increasing the hydrodynamic resistance and causing more 
pronounced deformation at the air-water interface [42,43]. However, as 
illustrated by Fig. 6B, when the minimum film thickness reaches about 
200 nm, the deviation of film thickness in the different aqueous systems 

occurs. Rapid film thinning behavior can be observed in electrolyte so
lutions due to the inhibited electrostatic repulsion. Accompanying the 
continuous bubble-solid surface interaction, a shift from the film 
drainage mode to the thickening behavior can be observed in Fig. 6C, 
causing the bubbles to leave the substrate by tens of nanometers. Ac
cording to the above description, it can be found that role of electrolytes 
on dynamic film evolution is largely dependent on the separation dis
tance between the bubble and the solid surface, which is presented in 
Fig. 6 to make a summary.

4.2. Specific ion effect on film thickening

According to the previous literature, it is typical of KCl to be depleted 
at the air-water interface, which can be characterized by the surface 
tension increment with concentration (dσ/dc~1.60 mN⋅m− 1⋅M− 1) [44]. 
The consequent difference in ion concentrations between the film and 
bulk solutions can cause surface tension gradients and thus induce an 
inverse Marangoni flow to compete with the normal drainage outflow 
[9,45]. Notably, although the decreasing trend of film thickness is 
dominant at the center, the inverse flow can still slow down the central 
thinning rate, as evidenced by the decreased liquid outflow at the center 
with increasing electrolyte concentrations (Fig. 3D). The existence of (ru, 
hu) clearly suggests a balance in flow competition resulting from the 
normal film drainage and the ion-induced Marangoni effect. To stop film 

Fig. 5. (A) Changed volume of trapped liquid in the central and rim regions under the condition of different KCl concentrations. (B) Existence time of the stationary 
point (ru, hu) varying with the bubble size in 100 mm KCl solution.

Fig. 6. Illustration for the distance-dependent role of electrolytes during dynamic film evolution between the bubble and the solid surface.
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thinning (∂h/∂t = 0) and maintain the unchanged position (ru, hu), the 
first and second terms in the right-hand of Eq. (9) should be equal, thus 

giving rise to 
(

h3/3μ
)(

∂2p/∂r2) =
(

h2/2μ
)(

∂2σ/∂r2). By applying the 

scaling analysis, the expression of Δσ ∼ σh/Rb can be obtained. Therein, 
the surface tension increment Δσ is equivalent to the product of the 
changed electrolyte concentration Δc and the surface tension increment 
with concentration dσ/dc, namely Δσ = Δc(dσ/dc). Considering that the 
film thickening behavior is dominated by the Marangoni convection [9], 
the relationship (see Theoretical model of electrolyte transport in sup
plementary materials) expressed as follows can be employed. 

∂c
∂t

∼ −

(
∂(rUΓ)

∂r

)
1
rh

∼ −
VΓ
h2 = −

(
Γ
h2

)(
dh
dt

)

(12) 

where Γ = −
(
c/RgT

)
(dσ/dc) is the ion surface excess (c is the electrolyte 

concentration, Rg denotes the gas constant, and T is the absolute tem
perature) [46–48], and U ∼ Vr/h denotes the surface velocity during 
dynamic film evolution [30,49]. Integrating it once yields Δc ∼ Γ/h. 
Therefore, by combining Δσ ∼ σh/Rb and Δσ ∼ (Γ/h)/(dσ/dc), hu can be 
expressed in Eq. (13). 

hu ∼

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

RgTRbΓ2

cσ

√

(13) 

It is revealed from the above equation that besides the factors of 
electrolyte concentration and bubble radius, the ion surface excess Γ can 
also influence hu. Because the specific value of Γ is largely dependent on 
dσ/dc that is closely associated with the ion type, experiments are 
further designed in different electrolyte solutions. For CaCl2 solutions 
with relatively larger dσ/dc (3.60 mN⋅m− 1⋅M− 1), a relatively low con
centration (100 mM) can induce wider zones for film thickening 
(Fig. 7A), whereas in 100 mM HCl solution with relatively lower dσ/dc 
(0.28 mN⋅m− 1⋅M− 1) [44], most of the film region is dominated by the 
normal thinning behavior (Fig. 7B).

Along the highly curved air-water interface, the rim regions exhibit 
more pronounced change of Δc (Fig. 7C). In this scenario, larger surface 
tension gradients can be produced to cause stronger Marangoni flow to 
influence the dynamic film evolution, thus accounting for more increase 
of film thickness in 100 mM CaCl2 solution than in 100 mM HCl solution. 
Additionally, it can be noticed that the solute concentration gradually 
builds up over time at the central film region, especially in the presence 
of 100 mM CaCl2, which is consistent with the slowdown of film 

Fig. 7. Comparative film evolution process in (A) 100 mM CaCl2 and (B) 100 mM HCl solutions. (C) Variation in the electrolyte concentration within the liquid film 
under the condition of 100 mM CaCl2 or HCl solutions. (D) Evolution of the inward flow and outflow from the film regions in different electrolyte solutions. (E) A 
positive correlation between hu and 

(
RgTRbΓ2/cσ

)1/2 during film thickening. In 100 mM HCl solution, the liquid film thins faster at the center and the unchanged 
position (ru, hu) is closer to the rim. In contrast, the film thickening anomaly is enhanced in 100 mM CaCl2 solution, evidenced by more inward flow in the rim region 
in Fig. 7D.
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thinning rate at the center. By contrast, due to smaller variation of Δc in 
100 mM HCl solution, the consequent inward flow is quite weak and VLm 
is only increased by about 0.37 pL, as compared to more than 2.00 pL in 
100 mM CaCl2 solution (Fig. 7D). Furthermore, based on Eq. (13), hu is 
presented as a function of 

(
RgTRbΓ2/cσ

)1/2, which illustrates a good 
agreement between the experimental measurements and theoretical 
predictions. Notably, hu and ru have a positive and negative correlation 
with 

(
RgTRbΓ2/cσ

)1/2, respectively (see Fig. 7E and Fig. S7). This is 

because with increasing 
(
RgTRbΓ2/cσ

)1/2, inside the liquid film will 
induce larger ion surface excess Γ to enhance the inverse flow. As such, 
the unchanged position over time should move towards the central re
gion, thus resulting in the respective increase and decrease of hu and ru.

Additionally, the relationship in Fig. 7E indicates that different 
aqueous systems can exhibit similar liquid transport behaviors. It is 
obvious that under the condition of unchanged bubble size, the 
expression of 

(
Γ2/c

)1/2 gives rise to comparable results of hu in 300 mM 
KCl and 100 mM CaCl2 solutions. This outcome discloses the specific ion 
effect on dynamic film evolution, and for the electrolytes with larger Γ2, 
the inward flow can be enhanced to induce the transition from film 
thinning to thickening (Fig. 8), demonstrating the dependence of 
reversible film thickening behavior on the nanoscale flow dynamics.

4.3. Origin of the inverse liquid transport for film thickening

It should be noted that in 100 mM KCl solutions, the total liquid 
volume (VL = VLc + VLm) exhibits a consistent reducing trend, charac
terized by the decreased liquid volume by about 4 pL after the film 
thickening anomaly occurs (Fig. 9A). On the one hand, the decrease in 
VL indicates that the flow direction points outwards and the outflux at rm 
is larger than the corresponding influx. Considering that the rim is the 
only position for flow exchange between the film and the bulk, there 
should be no influx from the bulk solution. On the other hand, based on 
the respective VLc and VLm values (Fig. 5A), the inward flow should 
become dominant at the region near the rim, which is responsible for the 
film thickening anomaly. The combined results clearly show that in the 
presence of low electrolyte concentrations, the net influx can only 
happen from the rim to ru. This case can correspond to the internal flow 
recycle despite the uninvolved influx from the bulk solution (Fig. 9B), 
which demonstrates the existence of surface tension gradients along the 
air-water interface and the consequent inward flow.

In contrast, with higher electrolyte concentrations (300 mM or 600 
mM), the increased VL value directly proves that the influx at the rim 
should be larger than the outflux, suggesting that the internal flow cir
culation and the external flow intervention can jointly influence to the 

film evolution (Fig. 9C). As such, the inward flow can be contributed by 
the internal circulation from the rim to ru, or some additional influx from 
the bulk to the film region. Especially, with the interventional flow from 
the bulk, film thinning at the center and film thickening at the rim 
should be inhibited and promoted, respectively, which agrees well with 
the results shown in Fig. 3D.

5. Conclusion

The general wisdom has long held that the net flow from the inter
vening film region follows a fixed direction targeting overall drainage, 
giving rise to the continuous reduction in film thickness until the equi
librium or instability occurs [4,6,15,20,25,27,31]. Owing to the inhi
bition effect of electrolytes on relatively long-range electrostatic 
repulsion between the bubble and the solid surface, the film thickness 
can reach tens of nanometers where even a small change can make a 
great influence. For example, previous literature has indicated the ex
istence of Marangoni stresses induced by the concentration gradient in 
salt solutions, which can cause a flow reversal and prolong the lifetime 
of liquid films [50,51]. According to the affinity of dissolved ions within 
the near-surface region, the local ion distributions should vary with the 
spatiotemporal evolution of air-water interfaces and thus influence the 
normal film drainage behavior in turn. By inducing the highly curved 
air-water interface during the bubble-solid surface interaction process, 
our results reveal a liquid film thinning-thickening anomaly in electro
lyte solutions, characterized by the thinnest region exhibiting an in
crease in the minimum film thickness. Given the principle of mass flow 
balance [52], the thickened zone of liquid films is clearly associated with 
an inverse flow surpassing normal drainage outflow. Based on the ion 
surface excess and consequent surface gradients along the curved air- 
water interface, the inverse Marangoni-driven flow is introduced to 
describe its competition with the normal drainage outflow, giving rise to 
the expression of hu ∼

(
RgTRbΓ2/cσ

)1/2, which bridges the dependence 
of film thickening on the coupling of bubble property and electrolyte 
type.

The liquid film thinning-thickening anomaly arising from the ion- 
induced Marangoni flow can be directly associated with the funda
mental mechanisms in previous literature. Typical examples involve the 
different evolution behaviors of hydrogen bubbles on the electrode 
surface varying with the electrolyte type [53,54], and the prolonged 
time to reach the critical film thickness during the bubble-solid surface 
interaction process under higher electrolyte concentrations [30]. 
Therein, the liquid flow from the film regions can be mediated by the 
Marangoni effect, thereby inducing the flow competition and change the 
interphase separation distance. From both the experimental and 

Fig. 8. Schematics illustrating the transition from liquid film thinning to thickening in different electrolyte solutions. A two-way arrow means the simultaneous 
presence of inward and outward flows. By using two arrows, the flow direction can be characterized by the one-way arrow.
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theoretical perspectives, we address the lack of understanding the liquid 
film thinning-thickening anomaly, and further enrich the ideas that 
besides the structural design of solid surfaces and the introduction of 
external stimuli [55–57], dissolved ions can also influence bubble dy
namics by changing the liquid transport, especially in highly confined 
region. The research outcome is expected to improve the understanding 
of the role played by the nanoscale fluid flow in the interfacial inter
action process and has significant implications for the engineering 
processes involving bubble attachment/detachment dynamics on the 
solid surface in saline water, such as seawater flotation and water 
splitting.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jcis.2025.138487.
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