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Supplementary Methods
Square-Gradient Classical Density Functional Theory
The Helmholtz free energy of an inhomogeneous system, EH, is expressed as:
	

	
	


where ψ is the local energy density defined as:
	

	


where ψ0(c) represents the homogeneous Helmholtz free energy density (J/m3), as a function of the molar water concentration c (mol/m3). The terms ψ0,+ (c+) and ψ0,-(c-) represent the Helmholtz free energy densities for positive and negative ions, respectively. We utilize the Fuller equation of state to define ψ0 for water 1. 
The fourth term in equation (S2) accounts for vapor-liquid interfacial energy, with the coefficient κ known as influence parameter (J.m5/mol2), which is linked to surface tension and equation of state parameters such as attraction energy and excluded volume. The fifth term includes van der Waals (φvdW) and the hydrogen bonding (φHB) interaction energies per mole of water between water molecules and minerals. Detailed descriptions of these interactions for planar water-mineral interfaces are in Cihan et al. 4, 5. For non-planar mineral surfaces, numerical integration is used to describe the pair-wise interactions between mineral atoms and water molecules, but here, we adapt planar geometries.  
The van der Waals potential for a planar interface is given by:
	
 ,
	



where AH is the Hamaker constant (J). is the saturated bulk molar concentration of liquid water at a given temperature. The hydrogen bonding interaction potential of a semi-infinite substrate can be written as:
	
,
	




where . site is the site density for hydroxylated silica. HB is the maximum range of the hydrogen bonding interaction that can occur between a water molecule near the surface and the available sites (hydroxyl group) at the surface. is the magnitude of the charge and u is the bond moment of a hydrogen-oxygen. 
The last term in equation (S2) represents the electrostatic energy density associated with ions. e is the total charge density (C/m3) as a function of water concentration and ψe is the electrostatic potential (V).
By performing functional minimization on equations (S1) and (S2), we derive the chemical potentials for water and ions. The minimization problem is subject to the four constraints: including conservation of total moles of water and ions and Gauss’s Law, leading us to define a modified energy functional I: 
	

	



where and 1 – 4 are called the Lagrange multipliers that are determined as described below.  is the absolute permittivity as a function of water concentration. The variational derivatives of I with respect to concentrations and electrostatic potential must be zero, and the following differential equations (Euler-Lagrange equations) must hold:
	

	


From the first three rows of equation (S6), we obtain the chemical potentials of water (Φ), positive ions (Φ+), and negative ions (Φ-) as:
	

	


where F is the Fraday constant and v is ionic valence. By evaluating the fourth row of equation (S6), we have:
	

	


Finally, substituting 4 into equations (S7) gives us the complete expressions for the chemical potentials:
	

	


Equation of state and surface tension of water

Based on the Fuller equation of state 1, the chemical potential of a homogeneous fluid water, denoted as, is expressed as follows 2: 
	

	








where a (J.m3/mol2) and b (m3/mol) are the attraction energy and the excluded volume parameters, respectively, and is a temperature dependent parameter. represents the ideal gas contributions to energy as a function of temperature and cancels out during computations under isothermal conditions. Detailed description of the parameters are provided in Cihan et al. 4. The equilibrium concentrations of liquid () and vapor () phases at a given temperature T are determined by solving and . Cihan et al. 4 demonstrated applicability of the Fuller equation of state for predicting the saturated densities of liquid and vapor water (Supplementary Fig. 1). 
Regarding the influence parameter  in the square-gradient interfacial energy term, earlier works 2, 3 relate it to the attraction energy a and excluded volume b parameters:
	

	



Cihan et al. 4 further estimated the temperature-dependent coefficient (T) for water as , where Tr is the ratio of the temperature to the critical temperature. The surface tension is proportional to κ multiplied by the magnitude of the concentration square gradient. Cihan et al. 4 showed that using this expression in the square gradient model yields an excellent fit to the surface tension data for water (see Supplementary Fig. 2).  
Homogeneous Chemical Potential of Ions in Dilute Systems
For a very dilute ionic solution, the homogeneous chemical potentials for ions can be expressed as:
	

	




where , and  cancels out during the computations under isothermal conditions. While activity corrections can be applied to represent the chemical potential of ions more accurately at higher ionic strengths, using the ideal expressions from (S12) is a reasonable assumption for the dilute systems considered in this study (<0.01 M).
Continuity Equations and Molar Fluxes
The general continuity equation for water and ions are expressed as:
	

	


where molar fluxes for water and ions are defined as
	

	




As described in the Methods section, we define a local volumetric water content (ϕ = c/cl if c>cl/2; otherwise ϕ=0), which vanishes in the vapor phase to prevent unphysical ion migration into vapor/air regions. Here, D is the effective binary diffusion coefficient of water-air system (m2/s), T is the temperature (K) and R is the ideal gas constant (J/mol/K). Following Vignes’s approach 6 outlined in Cihan et al. 4, 7, we estimate the effective molecular diffusion coefficient under the two-phase conditions by interpolating the diffusivities in liquid and gas phases as , where y is . D+ and D- are the molecular diffusion coefficients of positive and negative ions, respectively. As the present formulation assumes dilute electrolyte conditions, frictional interactions between ionic species and the solvent were neglected in the expression for diffusive fluxes. For concentrated solutions, a more rigorous treatment based on the Maxwell–Stefan diffusion framework 8 would provide a quantitatively accurate description of multicomponent mass transport.
Momentum Balance Equations
The momentum balance equation for the fluid mixture is expressed as follows:
	

	


where we neglect gravitational force due to its negligible contribution at the nanoscale. The total stress tensor t is equal to summation of the static stress tensor, static, and the viscous stress tensor, . From mechanical equilibrium and using chemical potentials, we express the static stress tensor for the fluid mixture:
	

	


The viscous stress tensor  is expressed through Newton’s Law:
	

	


where  is the dynamic viscosity. Substituting equations (S16) and (S17) into (S15), we obtain the modified Navier-Stokes equation: 
	

	


By using the following definitions,
	

	


We can rewrite equation (S18) in standard pressure gradient form, yielding the Navier-Stokes equation with additional terms resulting from mineral surface-water and electrostatic interactions:
	

	
 


Viscosity Model
In our model, bulk viscosity b varies with water concentration, interpolated linearly between liquid water and air viscosity values at a given temperature, expressed as: 
	

	


where f is the viscosity enhancement factor due to mineral-liquid water interfacial interactions. We adapt two approaches to describe local viscosity enhancement near pore walls:
Approach 1: 
Molecular dynamics simulations suggest that the viscosity of liquid water at silica interfaces can increase by a factor of 2–4 9–11, depending on hydroxylation. To incorporate this effect, we represent f as follows: 
	

	


where  is the distance from the wall, zmin=0, and zmax=h (height of the channel).
Approach 2: 
We implement a modified Eyring viscosity model 12–14 in which the viscosity of the liquid varies as a function of interfacial interaction energies, represented by f as follows:
	

	


Dimensionless model equations
The governing equations (1-5) in the Manuscript were solved in dimensionless form:
	

	
 


where the dimensionless variables and constants are defined as:
	

	
 


Numerical Modeling
Building on our previous cDFT-based models 4, 5, we modified our in-house code to incorporate the modified Navier–Stokes equations coupled with ion transport equations. The convective momentum flux (second term in the last row of equation S24) was neglected because the Reynolds number is ≪1 for nanocapillary flow. The coupled partial differential equations were solved simultaneously using the finite volume method.
The computational domain was discretized using a uniform dimensionless grid of Δx* = Δz* = 1 (corresponding to ≈0.0975 nm at 20 °C and ≈0.145 nm at 200 °C). This resolution is sufficient to capture interfacial density gradients and to reproduce surface tension and contact angle values within the cDFT framework. It is important to note, however, that these interfacial properties—particularly the predicted static contact angle—are sensitive to grid spacing. The Hamaker constant was therefore calibrated using this specific grid resolution to match the experimentally reported contact angles. A finer grid near the walls would intensify the van der Waals interaction (which scales approximately with the inverse cube of the grid spacing), requiring a correspondingly smaller Hamaker constant, whereas a coarser grid would necessitate a larger Hamaker constant and potentially adjustments to the influence parameter  to maintain an accurate representation of the liquid–vapor surface tension. 
Time integration was performed using the implicit Backward Euler scheme with adaptively controlled time steps. The nonlinear system was linearized via the Newton–Raphson method and solved simultaneously using a preconditioned restarted Generalized Minimum Residual (GMRES) algorithm. Initial and boundary conditions are schematically shown in Supplementary Fig. 3. Supplementary Table 1 lists all model parameters used in the simulations.

An Analytical Solution for Evaporation-Driven Pinning in Nanochannels
To isolate the fundamental mechanism of evaporation-driven pinning, we derived a simple analytical model that neglect electrokinetic effects. This formulation provides insight into how evaporation-driven pinning depends on channel length and temperature. A schematic of the problem setup is shown in Supplementary Fig. 4. 
A macroscopic mass balance of liquid water in dynamic equilibrium with its vapor phase can be written as:
	
 
	



In this equation, the cross-sectional areas cancel out. Here, l denotes the saturated liquid water density at a given temperature. The term qcap​ represents the mass flux of water per unit area driven by capillary forces, which can be expressed using the Lucas–Washburn relation. The evaporative mass loss rate per unit area, qevap, can be approximated as ​​, where v is the saturated vapor density at the specified temperature, Lh  ​is the total nanochannel length, and L is the distance from the inlet to the meniscus.
Substituting the expressions for qcap and qevap into Equation (S26) yields a nonlinear first-order differential equation:
	
 
	


which can be rewritten in nondimensional form as
	
 
	


The solution of Equation (S28) gives the dimensionless meniscus position as a function of time:
	
 
	




The computed solutions of L* (t*) for different temperatures are shown in Supplementary Fig. 5a. At steady state (pinned interface), and . The equilibrium meniscus position is given by:
	
 
	


Supplementary Fig. 5b demonstrates that while evaporation occurs at all temperatures, the pinning effect is increasingly pronounced at elevated temperatures.
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Supplementary Fig. 1 | Comparison of saturated liquid and vapor water densities calculated using different equations of state.
Saturated density values computed from the Fuller equation of state 1 and the IAPWS formulation 15 are compared across a range of temperatures 4.
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Supplementary Fig. 2 | Estimation of water surface tension using a square-gradient-theory model.
Surface tension values predicted by the square-gradient-theory–based model are compared with reference data from the International Association for the Properties of Water and Steam 16, 4.
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Supplementary Fig. 3 | Schematic of initial and boundary conditions used in the numerical model.
The figure illustrates the spatial configuration and applied boundary conditions for the coupled hydrodynamic–electrokinetic simulations.
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Supplementary Fig. 4 | Schematic of the analytical model setup.
Illustration of the simplified problem configuration used to derive the evaporation-driven pinning solution in nanochannels.
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Supplementary Fig. 5 | Analytical model predictions of evaporation-driven pinning.
(a) Computed dimensionless meniscus position L/Lh (t*) at 20℃ and 200℃ for relative humidity rh=0.3.
(b) Steady-state pinned meniscus position as a function of relative humidity at 20℃ and 200℃. While evaporation occurs at all temperatures, the pinning effect becomes increasingly pronounced at elevated temperatures.
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Supplementary Fig. 6 | Single-phase saturated flow simulations illustrating electrokinetic and interfacial interaction effects.
(a) Comparison of electroviscous effects under fixed surface charge and fixed surface potential boundary conditions for a 6 nm channel.
(b) Influence of mineral–water interfacial interaction potentials, which resist saturated flow moderately but drive capillary filling under two-phase conditions and locally enhance viscosity.
(c) Reduction in mean meniscus velocity (or apparent viscosity increase) as a function of ionic strength due to electrostatic forces from charged mineral surfaces.


The y-axis represents the ratio  or equivalently ​, obtained from numerical simulations. This ratio corresponds to the meniscus velocity and is equivalent to the apparent viscosity increase caused by electrokinetic resistance relative to the bulk viscosity. At very low ionic strength, overlapping electric double layers (EDLs) across the channel, resulting from the fixed surface charge density at the silica–water interface, lead to a plateau in electrokinetic resistance. For fixed surface potential, the resistance instead decays with decreasing salt concentration, producing a bell-shaped curve on a logarithmic scale.

[image: ]
Supplementary Fig. 7 | Simulated effects of a pinned bubble and local hydrophobic regions on displacement–√time behavior.
The figure shows how the presence of a pinned bubble or nanoscale hydrophobic zones influences the meniscus displacement as a function of the square root of time, highlighting deviations from ideal capillary filling behavior.
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Supplementary Fig. 8 | Simulated local viscosity enhancement near the silica surface for three values of the effective Hamaker constant at (a) T = 20 °C and (b) T = 200 °C. Profiles were obtained from simulations using the modified Eyring viscosity model and were extracted within the liquid region well behind the liquid-vapor interface. The local viscosity, normalized by the bulk fluid viscosity (m/mb, logarithmic axis; the dashed line marks m/mb =1), increases with increasing solid-water affinity as represented by the effective Hamaker constant AH. At 20 °C the enhancement is largest immediately adjacent to the wall but decays to the bulk value within approximately one molecular layer (~0.3 nm), whereas at 200 °C the normalized enhancement is smaller near the wall yet persists to approximately 0.6-0.8 nm.
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Supplementary Fig. 9 | Predicted effect of local viscosity enhancement on meniscus and film front positions at T = 200 °C. Pinned liquid–vapor interfaces in a 6 nm high, 100 nm long channel (a) without local viscosity enhancement and (b) with local viscosity enhancement based on the modified Eyring viscosity model. In both (a) and (b), relative humidity rh = 0.3 and Hamaker constant AH = 5.0 × 10⁻²¹ J. (c) Predicted axial positions of the meniscus and film fronts versus √t for the two cases; the dash-dot line is the Lucas-Washburn prediction at 200 °C for a contact angle of 0°, and the channel exit is at 0.1 µm. Both cases pin short of the exit, with the meniscus arresting at approximately 36 nm (without) and 32 nm (with local viscosity enhancement)




Supplementary Table 1. Model parameters
	
	T=20oC
	T=200oC

	 (J)
	1.30×10-21 to 1.30×10-20
	1.30×10-21 to 1.30×10-20

	site (1/nm2)
	0.4 to 4.8
	0.4 to 4.8

	HB (nm)
	0.226
	0.226

	
(C)
	0.4×10-19
	0.4×10-19

	u (C.m)
	5.0×10-30
	5.0×10-30

	Dl (m2/s)
	2.02×10-9
	2.38×10-8

	Dv (m2/s)
	2.44×10-5
	6.36×10-5

	D+ (m2/s)
	2.02×10-9
	2.38×10-8

	D- (m2/s)
	2.02×10-9
	2.38×10-8

	b,liq (Pa.s)
	1.00×10-3
	1.38×10-4

	b,air (Pa.s)
	1.8×10-5
	1.56×10-5

	0 (C2/N/m2)
	8.85×10-12
	8.85×10-12

	r(l) (-)
	80.11
	35.38

	r(v) (-)
	1.00
	1.00

	v, v+, v-
	1, +1, -1
	1, +1, -1

	F (C/mol)
	96485
	96485

	kb (J/K)
	1.38×10-23
	1.38×10-23

	R (J/K/mol)
	8.314
	8.314

	Fuller EoS, a (J.m3/mol2)
	0.990
	0.748

	Fuller EoS, b (m3/mol)
	1.56×10-5
	1.48×10-5

	 (J.m5/mol2)
	9.42×10-21
	1.57×10-20








Supplementary Table 2. Source and definitions of literature data compiled in Fig. 2
	Source
	Symbol in Fig. 2
	Figure digitized
	Ordinate reported source
	Sampling unit and n (as stated by authors)
	Error-bar definition

	Haneveld et al. (2008)19
	Filled dark squares
	Fig. 5
	aLW/am
	Independent chips; n not reported per channel height. (the source states that 2–3 chips were measured at each height.
	Reproduced as plotted; the source describes the bars as the measurement spread across chips

	Persson et al. (2007)17, Milli-Q water
	Light purple up-triangles
	Fig. 6
	aLW/am
	Independent filling measurements; n not reported per channel height (the source states 20–50 measurements per height).
	Reproduced as plotted; the source states the bars include the uncertainty in the theoretical prefactor aLW as well as the measurement scatter

	Persson et al. (2007)17, 0.1M NaCl
	Light purple diamonds
	Fig. 6
	aLW/am
	As above
	As above

	Thamdrup et al. (2007)18
	Purple right-triangle
	Fig. 2b
	aLW/am
	Independent filling measurements; n = 24 per channel height
	Reproduced as plotted; not defined in the original publication

	Chauvet et al. (2012)21
	Pink left-triangles
	Fig. 3(b), "present work" symbols only
	am/aLW
	Independent filling experiments; n = 3 at h = 20 nm and n = 5 at h = 42 nm
	No bars in the source. Symbols are the mean of the digitized values; bars span the full range (minimum to maximum) of those values. 

	Oh et al. (2010)20
	Open blue down-triangles
	Fig. 5
	am1/2 and aLW ½ reported separately as absolute values in mm/s1/2
	n not reported
	No bars in the source; symbols plotted without bars



All values were digitized by the present authors from the published figures listed. The ordinate in Fig. 2 is am/aLW, the ratio of √t-filling prefactors for filling following L² = a·t, where aLW excludes electrokinetic and local-viscosity effects and reproduces the Lucas–Washburn prediction and am includes them; reciprocals were taken where the source reports aLW/am. Data are for deionized water in hydrophilic (oxidized silicon or glass) channels unless otherwise noted. Bars reproduced from the sources are shown as plotted by the original authors and are not standardized across studies. Thamdrup et al. report channel heights of 33–158 nm; only points at h ≤ 50 nm are shown in Fig. 2.
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