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The interest in spontaneous charging and electrokinetic transport at immiscible liquid-
liquid interfaces originated from early studies on biological membrane functions and
elementary charge measurements. In recent years, with the rapid advancement of micro-
and nanofabrication and measurement technologies, the regulation of multiphase flow
and transport at micro- and nanoscales based on electrokinetic transport at liquid-liquid
interfaces has become feasible. Among these, slippery liquid-infused surfaces (SLIS) have
garnered significant attention, while several practical issues and potential mechanisms of
electrokinetic transport regulation with SLIS remain unclear. This paper employs direct
numerical simulations based on the diffuse interface model to explore the impact of groove
oil depletion effects on electroosmosis and the influence of two-sided ion partition effects
on streaming potential at SLIS. The study reveals the electroosmotic velocity reversal effect
induced by geometric configurations, as well as the two-sided streaming potential effect
induced by mixing and partitioning-induced charging. These findings provide foundational
insights for the rational design of quantitative electrokinetic regulation strategies for
multiphase flow at micro- and nanoscales.

DOI: 10.1103/6nkj-19qw

I. INTRODUCTION

Due to interfacial specific adsorption or interphase imbalanced partition of ions [1-4],
liquid-liquid interfaces can get spontaneously charged, leading to electrokinetic transport under
nonequilibrium potential differences [5—7]. This is of significant importance since it provides a novel
approach for the active control of multiphase flow and transport at micro- and nanoscales [8—12],
Due to the fluidity of liquid-liquid interfaces, recent studies have explored their electrokinetic trans-
port in typical scenarios such as enhancing two-phase displacement, micro- and nanoscale liquid
pumping, and mechanical energy conversion and harvesting [13-21]. In two-liquid electroosmosis
and streaming potential systems, the geometric configurations are typically low-dimensional parallel
shear flows within quasi-two-dimensional microchannels. As the length of the liquid-liquid interface
increases, interfacial disturbances may gradually amplify, potentially leading to various interfacial
flow instability issues [22-24]. Therefore, in practical applications, systems with special geometric
constraints are often employed to stabilize the liquid-liquid interface. Representative examples
include droplets in three-dimensional microchannels and surfaces with periodic microstructures
[25]. Slippery liquid-infused surface (SLIS) is a typical type of heterogeneous surface, composed
of periodically arranged liquid-filled grooves, which can be considered as a liquid version of
superhydrophobic surfaces to some extent [26], and are widely found in nature and engineer-
ing applications, exhibiting excellent properties similar to superhydrophobic surfaces, such as
self-cleaning, anti-icing, wettability control, and surface drag reduction [27]. In this work, we will
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focus on the practical issues and potential mechanisms of electrokinetic transport regulation with
SLIS.

On the one hand, since the effective slip effect of hydrophobic surfaces was discovered, due to
the similar magnitude between the slip length and the Debye length, the electroosmotic slip velocity
on such surfaces may be amplified [28]. The electroosmosis enhancement effect by surface velocity
slip at superhydrophobic surface and SLIS has been extensively studied by previous researchers
[29]. Squires was one of the first to notice the electrokinetic flow phenomena that could arise from
inhomogeneous slip interfaces. Based on the thin electric double layer assumption, the relationship
between the effective electroosmotic slip velocity and the interfacial charge, roughness, and Debye
length is established, with discussions on the potential applications of electroosmotic pumps through
flow rate relationships [30]. Typically, it is assumed that the liquid-liquid interface remains flat with
the solid-liquid interface during transport, allowing the relationship between slip velocity and the
effective slip length of the liquid-liquid interface to be asymptotically derived in a straightforward
way using linear dissipation theory and the principle of energy reciprocity. Subsequently, scholars
have conducted detailed studies on factors such as groove anisotropy and the type of infused liquid
[31,32]. However, research has shown that interfacial shear can lead to the depletion of liquid within
the grooves (i.e., the depletion effect) [33], which may result in the failure of slip performance in
SLIS [34]. This groove oil depletion effect may impact the electroosmotic slip behavior of liquid-
infused surfaces, which is of significant importance for practical applications such as micro- and
nanoscale liquid pumping, while there is still lacking of studies yet addressing this issue.

On the other hand, considering that the streaming potential arises from the convective current
generated by a pressure gradient, SLIS are highly advantageous for enhancing energy conversion
by increasing the streaming potential. Extensive research has been conducted on the streaming
potential effect in the main channel of SLIS, but these studies have been limited to inert hydrophobic
systems with single-sided adsorption-induced interface charging at two-liquid interface [35-37].
For systems composed of polar oils and organic ions, such as ITIES (interface between two
immiscible electrolyte solutions), a few studies have discussed the streaming potential effect within
the grooves. Pascall and Squires once treated SLIS as a simplified case of droplet electrophoresis,
investigating the electroosmotic mechanism of surfaces infused with conductive dielectric liquids
[5]. Based on the assumptions of a very weak external electric field and linear superposition, their
study systematically discussed the electrokinetic slip effects of grooves infused with liquids of
different conductive and dielectric properties, focusing on the influence of surface conductivity on
the electroosmotic flow of two-phase liquids. The study pointed out that the slip characteristics
of the liquid-liquid interface can enhance the electroosmotic velocity, and when the interfacial
charge is large, a significant surface conductivity effect can also be observed, which suppresses the
electroosmotic flow. A key assumption in this study is that the conductive dielectric liquid within
the grooves maintains electrochemical equilibrium in the normal direction. Under this condition,
the tangential electric field acting on ions in the electric double layer at the liquid-liquid interface
balances the tangential osmotic pressure gradient caused by inhomogeneous charging, resulting
in a zero electric field in the bulk neutral region of the liquid within the grooves. However, for
the double-sided diffuse layers, under tangential nonequilibrium transport conditions, ions in the
electric double layer inside the grooves may also accumulate downstream, potentially inducing a
nonzero streaming potential within the grooves. This would cause the bulk region of the liquid in
the grooves to exhibit a nonzero reverse electric field. Inspired by this, for SLIS with conductive
dielectric liquids, when a pressure gradient exists between the upstream and downstream of the
main channel, the coupling of two-sided charging polarization due to ion partitioning effects may
also lead to a streaming potential effect within the grooves, which could be more easily collected in
series.

The diffuse interface model employs a continuous distribution of properties and physical fields
across the interface. This allows for the bottom-up incorporation of interactions between solute ions
and the fluid background of solvent molecules by associating interfacial physicochemical properties
with solvent phase fractions [38]. This approach is essential for resolving the complex charging
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mechanisms and nonequilibrium transport features, and this paper will adopt the diffuse interface
model to explore the electrokinetic transport behaviors of SLIS with infused dielectric liquid which
may be conductive. In fact, for those liquid-liquid interfaces that may exhibit partition-induced
charging, the sharp interface model often struggles to capture the effects of solvent mixing at the
liquid-liquid interface on complex partitioning, adsorption charging, and shear stress matching rela-
tionships. Additionally, it is usually hard to describe the intricate kinetic behaviors of ion transport
along and across the mobile interface [7]. Besides, while matched asymptotic expansions based on
the sharp interface models can provide effective boundary conditions under specific small-parameter
limits, they are generally inadequate for capturing interfacial nonequilibrium transport behaviors
under broader conditions [39].

For those exhibits nonlinear characteristics, with the system geometry typically lacking of
high-order symmetry, the precise solutions often rely on direct numerical simulations, and our pre-
vious work presents a promising solution [7]. However, for strongly nonequilibrium electrokinetic
transport scenarios involving interfacial-induced charging and significant tangential concentration
polarization (such as droplet electrophoresis, two-phase streaming potential, and electrokinetics
of SLIS), the aforementioned work using a regular perturbation solution based on the modified
Poisson-Boltzmann equation, which strongly relies on the assumption of electrochemical quasiequi-
librium, becomes inadequate. In fact, for ITIES systems composed of polar oils and organic ions, the
distribution potential is uniform under thermodynamic equilibrium. However, under nonequilibrium
transport conditions with tangential nonequilibrium potential fields at the interface, the convective
behavior of the liquid-liquid interface on SLIS and the nonzero tangential mobility of ions will
lead to their accumulation downstream, potentially resulting in inhomogeneous charging. This may
induce inhomogeneous interfacial charge or distribution potentials, and even cause ions in the
diffuse layer to exhibit nonuniform transport, inducing normal currents. These effects, in turn, will
influence the interfacial nonequilibrium electrokinetic flow behavior.

This paper focuses on the typical electrokinetic transport behaviors of liquid-infused slippery
surface systems, demonstrating the application potential of electrokinetic transport in achieving the
active and rational control of micro- and nanoscale multiphase flow and transport. In particular,
this is the first work offering a direct numerical simulation to those two-liquid electrokinetics
with complex symmetry-breaking geometry and strong nonequilibrium transport. This work also
highlights the significance of the previously developed diffuse interface model for conducting
quantitative research on the mechanisms of electrokinetic transport at liquid-liquid interfaces. Due to
the high computational cost associated with the relevant systems, this preliminary study primarily
employs qualitative and semi-quantitative case analysis methods. Specifically, Sec. II introduces
the diffuse interface model and the solution methods; Secs. III and IV investigate the effects of
groove liquid depletion on interfacial electroosmosis and the coupling effects of two-sided charging
polarization on interfacial streaming potential; and Sec. V presents the conclusions. The verification
of the feasibility of direct numerical simulations is given in the Appendix.

II. MODELS AND METHODS

Here we utilize the diffuse interface model developed in the previous work to describe the
electrokinetic transport of two-liquid interface [7], which is briefly summarized below.
The evolution of phase order parameter obeys the Cahn-Hilliard equation

9

oy Tu Vo=V -MVuy), (D

where ¢ is the order paramter, u is the local fluid velocity, M = x (¢ )sgf is the mobility parameter,
and uy = A[—V?¢ + (¢* — 1)/ sgf] is the chemical potential of the solvent mixture. The interface
tension coefficient is linked to the phase field parameter gy by y = (2v2/3)A /&pt. The no flux
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condition for 4 at solid wall is utilized [40], i.e., V114 = 0, and the contact angle 6 is imposed in
a geometric manner [41,42], i.e., V,¢ = |V¢|cos .
The Navier-Stokes equations are utilized for the incompressible fluid flow

V-u=0,

o ) 2)
5 T Vu=—Vp+ V.- (aVu)+Fy+F..

Here, u, p are the fluid velocity and pressure, respectively, Fg = 114 V¢ the continuous form of
interface tension force, and F. = p.E — (1/2)E?VE the electromechanical force derived from the
Maxwell stress, in which E = —V g is the overall electric field. No-slip boundaries are utilized for
fluid flow, while the moving contact line can be triggerd through the phase diffusion [40].

The Poisson equation for the electric potential ¢ is written as

-V - (V) = p,. 3)

For the boundary condition at solid wall Fl(:‘ ) in contact with liquid phase «, the constant surface
charge density condition is used

i)

neeaVolere = =0y, “)
where n is the normal vector at the solid wall pointing into the solution. Note that here we have
neglected the electrical polarization inside the solid region.

Ion transport is described by the modified Nernst-Planck equation

o v =0 )
dt Ji =5
where n; is the number density of ion i. Here, the ionic flux of ion i is given by
~ ieD;
7 = n — Dy(Vn; +nViny?) — %niV(p, 6)
B

in which the additional free energy term Ag;(¢) = Agét)(qb) + Ag(ia)(qb) has been added into the

original Nernst-Planck equation,
Agi(¢)
¢ .
¢ .= . 7
Vi exp( kgT ) ™

Note that those additional free energies can be determined by the prescribed surface charge density
and/or distribution potentials at the two-liquid interface [7]. The no flux condition j;* -n =0 is
utilized at the solid wall, while n; , = nf%, is imposed at the far field within the bulk region of phase
a.

Concerning the material properties, p, fi, &, and D; are the local phase interpolations of fluid
density, dynamic viscosity, permittivity, and ionic diffusivity, respectively. In this work, the material
properties are assumed to have the linear dependence on the volume fraction ¢, of phase o as
default (« = w, 0),i.e., X = X(¢) = Za Xou, Wwhere X = p, u, €, D;. For sake of simplicity, the
material ratios between the oil and aqueous phases are taken as 1, = p, = &, = 1, and the salt of
1:1 type is used. The ionic diffusivities in the aqueous phase take the same properties as KCl, while
those in the oil phase are determined by the Stokes-Einstein relation [7]. In this work, the interface
thickness parameter &p; takes the value of 0.5 nm, which is a physically reasonable value [43] and
much thinner than the Debye length (10 nm) in this study. If the Debye length becomes smaller for
those concentrated solutions, then the sensitivity of the interface thickness should be justified, which
will not be covered in this work. The phase mobility is chosen as x(¢) = xo = 10 m s/kg, which
is not sensitive to the final steady state of the electrokinetic transport, but only affects the evolution
timescale of the phase field [40]. The interfacial tension is fixed at y = 0.05 N/m which is taken

063702-4



ELECTROKINETIC TRANSPORT REGULATION AT ...

(a) Oyu=0,ct =cy,0,0 =0 (b) dyu=0,ct =c, 0,0 =0

______ N .
r A | 1
1 1 1 1
1 1 1 1

] ] ]
L= 9 ¢ = o1 | P =D P="Poi
1 1 1 :
1 1 1 1
1 1 1 ]
1 1 1 1
] H H 1 1 2 H 1
: periodic boundary . phase 11\ periodic boundary/:
: (u,p, 9) + (water) 1 (w0, ¢) !
1 1 1 1

| """ 1 [~ = phase 2 —
| (oil) —
wall 7 wall 7

(c) i >
e Lmain ____________ S =

N = Lypain/Lunic

! 1
! 1
! 1
! _ 1
' I/Vmain,l/z Ry, = Leay/Lunit !
: Lynit Ry = Hcav/VVmain,l/Z :
¢ > R¢ = Leav/Heay '
: Rop = Hoil,init/Hcav :
—_— Leay y ,

< > A

................... & H e
cav
Hoipinit
y v

FIG. 1. Two typical setups of electrokinetic transport at liquid-infused surface. (a) Electroosmosis with
possible liquid depletion. (b) Streaming potential with possible ion partition. (c) Definitions of geometrical
dimensions of the system, as well as the corresponding dimensionless numbers.

as the corresponding property of oil-water interface and used to maintain the interface shape, while
the contact angle is & = 7 /2 without loss of generality.

The schematics of the liquid-infused surface to be studied in this work is shown in Fig. 1. Periodic
flow conditions for u, ¢ are applied at the inlet and outlet boundaries, i.e.,

Uin = Uout, ¢in = (boutv (8)

while the pressure and electric potential are set as

DPin — Pout = AP, @in — Qour = A@ )

to drive the electrokinetic transport in different setups of electroosmosis and streaming potential.
The upper boundary is chosen to be symmetric for u, ¢, and ¢. As for the geometric setup,
the half-width and length of the main channel are denoted by Wiain 12 and Lmain = NunitLunits
respectively, the depth and length of the liquid-infused groove denoted by H,y and L.,y, respectively,
and the oil phase height of the groove denoted by H,; init, as shown in Fig. 1. To define the geometric
structure of the groove and main channel, four additional ratios can be defined as R, = L,y /Lynit,
Ry = Heay/Whain, 172, Rc = Leay/Heay, and Ro = Hoil init/Heav. The finite element method is used
to directly solve the above original problem in the simulation of two-liquid streaming potential,
while the simplified version using the linearized perturbation equations with local electrochemical
equilibrium and geometry-modulated electric field is adopted in the simulation of two-liquid
electroosmosis considering the relatively weak nonequilibrium within it. The detailed treatment
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of the numerical solver as well as the applicability of the above physical model can be found in the
previous work [7].

In the next two sections, we will analyze the typical mechanisms of electrokinetic regulation
on SLIS, which will focus on the impact of the groove liquid depletion effect on electroosmosis
and the influence of two-sided ion partition effects on streaming potential. It should be noted that
since the surface charge density of two-liquid interface is often a posteriori, it is hard to present a
straightforward validation through comparison between theory and experiment in the liquid-infused
scenarios. Nevertheless, we have verified the simulation method based on the mPB equation through
comparison with the solution of the mPNP equations, as given in the Appendix. For simple systems,
we have given the related verifications and validations in our previous work [7].

III. LIQUID DEPLETION EFFECT ON ELECTROOSMOSIS

To investigate the influence of the liquid depletion effect in grooves on the electroosmotic
slip behavior of SLIS, this study adopts the system configuration shown in Fig. 1(a). The width-
related geometric dimensions are set t0 Wiain,1/2 = 1 um with Ry = 0.1, the initial oil height
Rp =1.0, 0.8, 0.6, 0.4, 0.2, corresponding to depletion ratios Rp =0, 0.2, 0.4, 0.6, 0.8,
respectively. Periodic boundary conditions are applied to the velocity and pressure at the inlet
and outlet boundaries, with an applied electric field strength of E,, = 10° V/m, resulting in
Oout — Pin = ExoL. An aqueous electrolyte solution with a concentration of 1 mM is used, and the
slip length at the solid-liquid interface is set to 0.1 nm [28]. The reference surface charge density
is defined as 0y = —2 mC/m?2. The total simulation time is 1 x 10~ s, by which the system has
reached a steady state.

A. Phenomena: Electroosmotic velocity reversal

To illustrate the phenomena, the length-related geometric dimensionless parameters here are set
to Re = 1 and R, = 0.5, with N = 2 to satisfy the stress-free condition at infinity while keeping
the computational load within an acceptable range. The liquid-liquid interface is assumed to be
adsorption-charged and negatively charged of o, = 0y, which means that there only exists a single-
sided diffuse layer. Results indicate that the selection of parameters such as the sub-nanometer
slip length and the perturbative external electric field strength has no significant impact on the
qualitative results. The electroosmotic slip velocities for grooves vary with varying degrees of polar
oil depletion, qualitatively shown in the velocity field and dimensionless magnitude contour plots
in Fig. 2.

Specifically, when the solid wall is uncharged (i.e., oy = 0), as depicted in Fig. 2(a), the
electroosmotic slip region in the main channel is entirely induced by the electroosmotic flow of
the charged liquid-liquid interface. The electroosmotic slip velocity is opposite to the direction of
the electric field in the absence of depletion, as the diffuse layer of the liquid-liquid interface is
negatively charged. As the depletion effect gradually increases, the electroosmotic slip velocity
transitions from opposing to aligning with the electric field direction. In this case, as the depletion
effect intensifies, the geometric constraint imposed by the groove on the liquid-liquid interface
flow gradually strengthens, eventually forming a distinct vortex at the junction between the groove
and the main channel. This evolution of the vorticity influence range, driven by the interface
configuration and geometric constraints, is likely a key reason for the reversal of the velocity
direction in the main channel outside the groove compared to the electroosmotic flow direction
immediately above the liquid-liquid interface within the groove.

However, if the solid-liquid interface carries the same charge density as the liquid-liquid interface
(i.e., ogq = oy1), as shown in Fig. 2(b), the electroosmotic slip velocity always aligns with the
direction induced by the solid-liquid interface, with its minimum value occurring at a depletion
ratio of 0.6. Although the electroosmotic slip velocity in the main channel region consistently
aligns with the electroosmotic direction of the solid-liquid interface, the significantly enhanced shear
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(a)

(b)

FIG. 2. Comparison of the dimensionless velocity field results for electroosmosis on SLIS: (a) The solid-
liquid interface is uncharged, i.e., oy = 0; (b) The solid-liquid interface carries the same charge as the liquid-
liquid interface, i.e., oy = oy. From left to right, the depletion ratios of the oil phase in the groove are 0, 0.2, 0.4,
0.6, and 0.8, respectively. The liquid-liquid interface is assumed to be adsorption-charged and always positively
charged. The color represents the relative magnitude of the velocity compared to the stress-free region (i.e., the
electroosmotic slip velocity v), with blue regions indicating a ratio of 1 and white regions indicating values
below a given cutoff threshold.

near the groove at a depletion ratio of 0.6 leads to faster velocity dissipation, thereby reducing the
electroosmotic slip velocity in the main region.

B. Physicochemical effect: Adsorption versus partition

Here we compare the electroosmotic slip velocities induced by adsorption charging and partition-
ing charging at the liquid-liquid interface under varying depletion ratios, where the length-related
geometric dimensionless parameters here are kept at Re =1 and Ry = 0.5, with N = 2. The
partition-induced case corresponds to Ag = ¢y = —kgT /e, while the adsorption-induced corre-
sponds to a constant surface charge density of o = oy. The results are shown in Fig. 3.
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FIG. 3. The electroosmotic velocity versus oil depletion ratio for adsorption charging and partitioning
charging at the liquid-liquid interface. The liquid-liquid interface chargings are set to oy, effectively, while
the solid-liquid interface charge has different conditions, including (a) oy = —oyp; (b) og = 0; (¢) oy = 0p.
Note that the colored blocks denote the oil depletion ratio intervals with velocity increasing as the depletion
ratio increases. Here the dimension of y axis in (b) follows the symmetric logarithmic mode (e.g., symlog
mode in python library matplotlib), with the threshold between log and linear scales set to 1073.

The comparative analysis between adsorption and partitioning charging reveals that these two
mechanisms exhibit qualitatively similar but quantitatively different sensitivities to the oil depletion
ratio, Rp. Under the adsorption charging model, the surface charge density oy is prescribed as a
constant; thus, the local electrostatic driving force at the interface remains invariant regardless of its
spatial position. In contrast, for the partitioning charging case—characterized by a fixed potential
difference Agp—the results in Fig. 3 manifest a more pronounced nonlinear response to Rp. This
discrepancy stems from the fundamental difference in electrostatic boundary conditions. In the
partitioning model, the effective surface charge density is a conjugate quantity dictated by the local
capacitance of the electric double layer. As the interface recedes into the groove, the proximity of
the solid walls and the confinement of the electrolyte volume significantly alter the electrostatic
screening environment. This geometric constraint modifies the local electric field gradient, resulting
in a self-adjusting effective charge that renders the partitioning mechanism far more susceptible to
recession depth than the constant-charge adsorption model.

Furthermore, the solid-liquid interface charge oy acts as a critical modulator of the global flow
field. When oy = —oy (opposing the interface charge), the system enters an antagonistic regime
where the electroosmotic flows (EOF) generated at the wall and within the groove compete. The
highlighted intervals in Fig. 3 denote regions where the slip velocity counterintuitively correlates
positively with the depletion ratio. This phenomenon suggests that as Rp increases, the recessed
configuration of the liquid-liquid interface shields its antagonistic flow from the main channel
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FIG. 4. Electroosmotic velocity versus oil depletion ratio for partitioning charging at the liquid-liquid
interface in different geometric setups. Here the dimension of y axis follows the symmetric logarithmic mode,
with the threshold between log and linear scales set to 1072, It is clearly shown that the variations of the
resulting velocity between different cavity aspect ratios R¢ are significant when the oil depletion ratio Rp lies
in the interval abount 0.2 to 0.4, while the total velocity difference between the oil depletion ratio of R, = 0.0
and Rp = 0.8 is slightly monotonically increasing as the cavity aspect ratio R¢ varies.

more effectively than it attenuates the primary driving force. This subtle shift in the balance
between opposing driving sites optimizes net momentum transfer to the bulk fluid. Consequently, the
transition from monotonic to nonmonotonic velocity profiles underscores that the liquid depletion
effect functions as a “spatial filter,” reweighting the relative contributions of disparate charged
surfaces to the global electroosmotic slip.

C. Geometric effect: Cavity aspect ratio and length

We further compare the electroosmotic slip velocities induced by partitioning charging under
different geometric configurations, where the length-related geometric dimensionless parameters
here are set to Rc =0.5,0.75,1,1.25,1.5 and R; = 0.25,0.2, with N = 2. The liquid-liquid
interface is assumed to be partitioning-charged with A¢ = ¢y with o = oy = 0. The results are
shown in Fig. 4.

The parametric study presented in Fig. 4 focuses on the partitioning-charged interface to delin-
eate how the cavity aspect ratio, Rc, governs the efficiency of the electroosmotic slip, while the
cavity length R; only shows quantitative effects with insignificant impact on the Rc-dependence. A
pivotal observation is the marked divergence in velocity results when the depletion ratio, Rp, falls
within the interval of 0.2 to 0.4. Within this transitional regime, the liquid-liquid interface resides
near the “throat” of the groove, where the transition from the constrained cavity environment to the
bulk flow is most abrupt. Minor variations in R¢ induce significant alterations in the interfacial
curvature and the effective hydraulic diameter. Specifically, for higher Rc, the widened cavity
accommodates a more expansive recirculation zone. Depending on the precise location of the vortex
core, this configuration can either facilitate momentum coupling to the main channel or promote
enhanced energy dissipation, thereby driving the substantial velocity fluctuations observed as the
flow field undergoes topological reconfiguration.

Beyond this transitional regime (Rp > 0.6), the influence of R¢ on the global velocity magnitude
becomes increasingly dominant. Data demonstrate that the velocity differential between the fully
infused state (Rp = 0) and the highly depleted state (Rp = 0.8) scales monotonically with the cavity
aspect ratio. This behavior suggests that in wider grooves (higher R¢), the shielding effect of the
cavity is significantly intensified; as the oil phase depletes, the charged interface is buried deeper
within an enlarged reservoir of stagnant or recirculating fluid. This spatial sequestration forces the
induced EOF to dissipate more rigorously through viscous friction against the sidewalls before
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its momentum can be imparted to the stress-free region of the main channel. Consequently, R¢
emerges as a critical design parameter for SLIS-based microfluidic architectures. While a larger
R¢ offers an expanded range of velocity tunability, it concurrently renders the electroosmotic slip
more susceptible to fluctuations in lubricant depletion, necessitating a careful balance between
controllability and operational stability.

IV. ION PARTITION EFFECT ON STREAMING POTENTIAL

To investigate the aforementioned two-sided charge polarization coupling effect, this study
focuses on the two-phase streaming potential effect of SLIS, with the system configuration shown
in Fig. 1(b). For the liquid-liquid interface charging caused by ion partitioning, the diffuse layers
on both sides carry opposite charges, resulting in inherent two-sided coupling. Specifically, under
the same convective velocity conditions, this induces streaming potentials of opposite signs, which
in turn lead to nonuniform distributions of the potential and diffuse layer charge densities on both
sides. To highlight the possible streaming potential effect within the groove, a groove structure
with dimensions H.y X Leay of 0.2 x 0.05 um? are selected, while the dimensions of the main
channel Wiain,1/2 X Lmain are is 0.4 x 0.2um with N = 1. The same ion concentrations in both
phases are chosen, resulting in Ap = 0.01 um, which is smaller than the groove depth of the system.
The solid-liquid interface is uncharged, and the liquid-liquid interface is partitioning-charged with
a distributed potential of Ag. = —0.5Vy. A pressure difference of Ap = poy — pin = SkPa is
applied at the inlet and outlet boundaries, with both potential and velocity subjected to periodic
conditions. The total simulation time is 1 x 107> s, by which the system has reached a steady state,
and the typical results for the velocity and potential distributions are shown in Fig. 5.

As shown in Fig. 5(a), the pressure-driven flow in the main channel acts as a typical plate-driven
flow for the fluid within the groove, exhibiting a characteristic vortex structure. At half the depth
of the groove, the flow direction is opposite to that of the main channel [as illustrated in Fig. 5(c)].
For the potential field induced by the flow of the charged liquid-liquid interface, the distributions
of the potential and electric field lines are shown in Fig. 5(b). In the main channel, cations near the
liquid-liquid interface are transported downstream under the influence of convection and eventually
accumulate near the downstream three-phase contact line, resulting in the periodic potential distri-
bution at a quarter-width of the channel, as depicted in Fig. 5(d). This distribution arises because,
after the establishment of the streaming potential in the main channel, internal closed circuits can
form through the electrolyte solution along both the flow and counterflow directions, ultimately
generating a streaming potential of approximately 0.15mV. In contrast to the main channel, as
shown in Fig. 5(c), the streaming potential within the groove is around 0.35 mV.

Here, we briefly analyze the possible reasons for the observed phenomena. If we consider the
mechanism of convective transport of anions along the inner interface, the streaming potential
between the upstream and downstream regions should theoretically be negative. However, since
the groove is a closed structure, the net flow along the streamwise direction is zero. This leads to
the mixing of anions between the upstream and downstream regions within the groove, thereby
reducing the streaming potential effect caused by convection. Additionally, due to the two-sided
coupling of diffuse layer charging at the liquid-liquid interface dominated by partitioning charging,
while cations accumulate downstream in the main channel, anions within the groove also form a
similar potential difference under the influence of the distributed potential, namely,

@int,down — (pim,up - ((pint,down - (pext,down) + (@ext,down - wext,up) + (‘pexl,up - (pint.up)
= A¢oo + (@ext.down — ‘Pext,up) + (—A@s) (10)

= @ext,down — Pext,up-

It is evident that the above derivation relies on the maintenance of an electrochemical equilibrium
near the liquid-liquid interface. When the partitioning charge density at the liquid-liquid interface
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FIG. 5. Typical results of velocity and potential distributions for the streaming potential on liquid-immersed
slip surfaces: Panels (a), (b) show the velocity field and potential field distributions, respectively; panels
(c), (d) present the velocity and potential profile distributions in the groove region at y = —0.05 um and in
the main channel region at y = 0.1 um, respectively.

is sufficiently large, this equilibrium may be disrupted, potentially leading to the formation of a
characteristic diffusion boundary layer and surface conductance effects [5].

V. CONCLUSIONS

In this work, the direct numerical simulation based on the diffuse interface model is employed to
investigate the electrokinetic transport mechanisms of SLIS, exploring the typical influencing mech-
anisms for electrokinetic regulation of multiphase flow at micro- and nanoscales. The effectiveness
of the direct simulation approach in addressing the ion relaxation effects of interfacial charging
processes is first validated using basic model systems such as two-phase parallel electroosmosis.
Subsequently, for typical systems involving electroosmosis and streaming potential on SLIS, the
mechanisms of groove liquid depletion effects and two-sided charging polarization coupling effects
are examined. The study reveals the electroosmotic velocity reversal effect induced by geometric
configurations and the two-sided streaming potential effect induced by mixing and partitioning
charging.

Our findings provide foundational insights and inspiration for the rational design of quantitative
regulation schemes for multiphase flow and transport at micro- and nanoscales. Future research
directions may include: (1) further exploration of the effects of complex geometries and surface
properties on electrokinetic transport in SLIS; (2) investigation of the interplay between electroki-
netic phenomena and other physical processes, such as thermal effects and chemical reactions; and
(3) experimental validation of the simulation results to enhance the practical applicability of the
findings.

063702-11



YUNFAN HUANG AND MORAN WANG

ACKNOWLEDGMENTS

This work was financially supported by the National Natural Science Foundation of China
(Grants No. 12432013 and No. 12272207). The authors thank the anonymous referee who provided
useful and detailed comments on the manuscript.

DATA AVAILABILITY

The data that support the findings of this article are openly available [44].

APPENDIX: VERIFICATION OF DIRECT NUMERICAL SIMULATION APPROACH

Due to the lack of standard test cases for complex electrokinetic transport at liquid-liquid
interfaces, a typical degenerate scenario will be selected here to verify the solver, and the main
challenges currently faced along with potential solutions will be briefly discussed. As a degenerate
scenario under electrochemical quasiequilibrium conditions, the two-phase parallel electroosmotic
system studied in previous work is chosen as the model system [7]. To verify the direct numerical
solution scheme for the electrostatic Poisson equation, the modified Nernst-Planck equation, and the
Cahn-Hilliard-Navier-Stokes equation system, the results will be compared and validated against
those obtained using the regular perturbation method.

For simplicity, only the case of a liquid-liquid interface with partition-induced charges is
considered here. The solution concentrations in both the oil and water phases are c,, = 1 mM,
and the equilibrium distribution potential is Ay, = —2Vy, where V; = kgT /e. The half-width of
the microchannel is 0.5 um, resulting in a characteristic thickness of the electric double layer of
Ap =~ 10nm, allowing the overlapping effect of the electric double layers to be neglected. The
length of the simulated channel segment is L = 5 um, and the applied electric field strength is
E, = 10° V/m. Consequently, the potential difference at the inlet and outlet boundaries of phase o
1S Yout.a — Pin.a = EsxwL = 0.5 V. Periodic boundary conditions are applied to the velocity, pressure,
and concentration fields (with Ap = 0).

In real oil-water interface systems, a distributed potential exists between the electrically neutral
regions on both sides of the interface, i.e.,

Pout,2 — Pout,1 = @in,2 — Pin,1 = A¢Po. (A1)

In principle, the interfacial potential distribution at the inlet and outlet should also satisfy the elec-
trochemical quasiequilibrium state. However, in numerical solutions, imposing the latter boundary
condition is not straightforward. Therefore, here, a uniform potential is applied at the inlet and
outlet,

@i = const, @y = const + E L, (A2)
or a stepwise interfacial potential distribution is imposed,

(pin(d)) = A(pooH(d))a Pout = A(pooH(d)) + ExL, (A3)

where the total channel length is long enough to provide a buffer zone for inlet and outlet effects. In
practice, the above inlet and outlet conditions correspond to oil-water interface two-liquid parallel
electroosmotic systems with screen printing electrodes upstream and downstream, with or without
baffles at the oil-water interface. Simulation results have shown that the total length of 5 um selected
for this study is sufficient to eliminate the nonequilibrium potential effects at the inlet and outlet.
In Figs. 6 and 7, panels (a) and (b) respectively present the steady-state results of the potential
field and velocity field distributions from the direct numerical simulation validation of the two-liquid
parallel electroosmotic flow. The inlet and outlet effects are clearly observable in the velocity field
distribution when a uniform potential is applied at the inlet and outlet boundaries. Figures 6(c) and
7(c) show the evolution of the potential field and velocity field profiles under the stepwise poten-
tial boundary condition, demonstrating that they eventually converge to the regular perturbation
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FIG. 6. Verification of direct numerical simulation for two-phase parallel electroosmotic flow: evolution
of the potential field distribution. Panels (a), (b) show the steady-state distributions of the potential field when
the interfacial potential jump at the boundary is zero and distributed, respectively. Panels (c), (d) present a
comparison between the evolution of the potential field distribution from direct numerical simulation and the
results based on the regular perturbation solution.

solution depicted in Figs. 6(d) and 7(d). This validates that the direct numerical simulation of the
diffuse interface model can accurately reproduce the degenerate scenario under electrochemical
quasiequilibrium conditions.

It is noteworthy that, compared with the electrophoresis of charged droplets described using
the sharp interface model, direct numerical simulations based on the diffuse interface model still
present significant challenges. In fact, even without considering the scenario of spontaneous charge
distribution, merely accounting for spontaneous adsorption charging at liquid-liquid multiphase soft
interfaces and the associated nonequilibrium transport behaviors poses substantial difficulties in
numerical simulations using the diffuse interface model, particularly in adapting the computational
domain to practical large-scale requirements. For instance, unlike weakly conductive dielectrics
with thicker diffuse layers often used in electrohydrodynamic systems, systems like droplet elec-
trophoresis, which feature thinner diffuse layers, may see the finite thickness of the solvent mixing
layer play a crucial role, significantly increasing the cost of adaptive mesh refinement. This has
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FIG. 7. Verification of direct numerical simulation for two-phase parallel electroosmotic flow: evolution
of the velocity field distribution. Panels (a), (b) show the steady-state distributions of the velocity field when
the interfacial potential jump at the boundary is zero and distributed, respectively. Panels (c), (d) present a
comparison between the evolution of the velocity profile distribution from direct numerical simulation and the
results based on the regular perturbation solution.

confined existing numerical simulation studies either to small-scale systems [38] or to potentially
questionable interface resolution accuracy [45,46]. In contrast, numerical solutions for droplet
electrophoresis using the sharp interface model are more common, but these typically achieve
quantitative solutions only under fixed interface shapes, and previous studies have often failed to
effectively capture the influence of the solvent mixing layer. The impact of the solvent mixing layer
can be addressed through the mesoscopic model-based interface condition corrections discussed
earlier [7]; alternatively, using effective interface conditions derived from asymptotic expansions
can also provide quantitative results for minor shape changes at the interface [39].
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