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ABSTRACT: The supporting information includes additional data for the experimental observations and 

models reported in the main manuscript. Specifically, information pertaining to the gate leakage current, 

concentrations for the electrolyte mixtures, methods used in the numerical COMSOL model to examine the 

effect of possible inhomogeneous surface charge density of the nanochannel walls as well as pH dependence 

of nanochannel conductance and surface charge density, and calculation of the interaction parameter for 

ion-ion correlations are reported. 
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ELECTRICAL CHARACTERIZATION OF GATED NANOFLUIDIC DEVICE 

Applying a potential to the gate electrode modifies the local surface charge density and the local 

electric field within the nanochannel,S1-5 which translates to a modulated current. In line with previous 

reports, the current in the gated case is approximated as the superposition between the axial and gate 

contributions,S3,6,7 according to   

 𝐼𝐼 = 𝐺𝐺𝑎𝑎𝑉𝑉𝑎𝑎 + 𝐺𝐺𝑔𝑔𝑉𝑉𝑔𝑔  (S1) 

 
where, 𝐺𝐺𝑎𝑎 is the intrinsic nanochannel conductance and 𝐺𝐺𝑔𝑔 is the transconductance.S6,7 The 

transconductance was determined from linear regression of the measured current 𝐼𝐼 as a function of 𝑉𝑉𝑔𝑔 for 

fixed axial potentials,S5 where 𝑉𝑉𝑎𝑎 = 3𝑉𝑉 and 𝑉𝑉𝑎𝑎 = 5𝑉𝑉. 

Changes in the local dielectric/fluid interface potential induced by the gate electrode modulates the 

ionic transport and therefore the measured current through the nanochannel.S3,5 The current was monitored 

at a broad range of concentrations as the gate voltage �𝑉𝑉𝑔𝑔� was swept between +3V and -3V with applied 

axial potentials (𝑉𝑉𝑎𝑎) of 3V and 5V for each experimental condition. Our past report discusses complete 

device operation with sweeping gate potentials, axial potentials, gate location dependence, and electrolyte 

concentrations for these nanochannel devices.S1 A representative plot of measured current for the gate 

voltage sweep as a function of cation type with 𝑉𝑉𝑎𝑎 = 3𝑉𝑉 is shown in Figure S1. Four representative cases 

with the same Debye length, 10 mM KCl, 10 mM NaCl, 3.33 mM CaCl2, and 3.33 mM MgCl2 are shown.  

The 30 µm wide gate electrode represents a small region compared to the length of the nanochannel. The 

modulation of nanochannel conductance with a local gate electrode has seen limited investigationsS1,8 and 

matching known models and experimental observations continues to be a challenge.S4,9,10  
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Figure S1. A representative plot of the measured current with the gate voltage sweep as a function of cation 
type for 10 mM KCl, 10 mM NaCl, 3.33 mM CaCl2, and 3.33 mM MgCl2 with 𝑉𝑉𝑎𝑎 = 3𝑉𝑉. The ionic strength 
of the electrolyte solutions was matched to ensure consistent values of the Debye length or the characteristic 
screening length of the surface potential, across cases. Device operation characteristics and methods have 
been reported previously.S1 
 

GATE LEAKAGE CURRENT 

It is often the case in gated nanofluidic devices that the dielectric layer is lossy, permitting a finite 

gate leakage current.S1,3,7,11-13 In addition to the axial ion transport current, a finite gate leakage current 

through the PDMS layer was measured. Leakage current through the PDMS dielectric layer was measured 

separately for each electrolyte concentration by setting a potential difference between the microchannel 

reservoir and the gate electrode (grounded) as in previous reports.S7,13,14 Based on previous reports, a 

threshold of leakage current/intrinsic current of 1 is set for all measurements,S1,3 thus limiting the range of 

gate voltages used in this study to ± 3V. As a representative data set, the bar plots in Figure S2 show the 

leakage current referenced to intrinsic current for 𝑉𝑉𝑎𝑎 = 3V. In Figure S2, leakage current and ion transport 

current under gated conditions for 1 mM KCl, 1 mM NaCl, 0.33 mM CaCl2, and 0.33 mM MgCl2 is shown. 

The ratio shown in the bar plots depends on the leakage current and the ion transport current that contributes 

to the intrinsic nanochannel conductance.  

The intrinsic conductance showed significant cation dependence as discussed in the main 

manuscript. In order to demonstrate variability of data and the need for multiple measurements over 

multiple devices with careful experimental controls over electrolyte concentration, pH, and a baseline 
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intrinsic conductance match for DI water (i.e., 10-7 M electrolyte concentration), example data shown here 

was chosen to provide a broad sample for leakage current values compared to intrinsic current values. The 

leakage current ratio is higher in the 𝑉𝑉𝑎𝑎 = 3V case (shown below) compared to the 𝑉𝑉𝑎𝑎 = 5V, as expected 

from the higher intrinsic current with a larger axial potential. 

 

Figure S2. The ratio of the gate leakage current to the intrinsic current (left panels) and the gate leakage 
current plotted alongside the ion transport current under gated conditions (right panels). The intrinsic 
conductance varied as a function of cation type, causing variation in the Ileakage/Iintrinsic across various 
electrolytes. Example data shown here was selected to provide a range of leakage current values compared 
to axial current values, highlighting the need for extensive experimental controls that were implemented 
here and have been discussed throughout the main manuscript and the Supplementary Information. The 
leakage current ratio is higher in the 𝑉𝑉𝑎𝑎 = 3V case (shown here) compared to the 𝑉𝑉𝑎𝑎 = 5V, as expected from 
the higher axial transport current with a larger axial potential. 
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ELECTROLYTE MIXTURES 

The following tables summarize the prepared electrolyte compositions (EC) for the electrolyte 

mixtures used in this work (Table S1), the calculated values of the predicted conductance as a function of 

electrolyte composition (Table S2), and the measured values of the conductance as a function of electrolyte 

composition (Table S2). The predicted values (Table S2) were calculated under the assumption of a constant 

surface charge density across electrolyte composition. As discussed in the main manuscript, the constant 

surface charge assumption failed to predict the measured intrinsic conductance for the electrolyte mixtures.  

 

Table S1. A summary of electrolyte compositions and the corresponding prepared concentrations. 

Electrolyte Composition Concentrations  Electrolyte Ionic Strength 

100% KCl 1 mM KCl 1 mM 

75% KCl/25% CaCl2 0.5 mM KCl; 0.17 mM CaCl2 1 mM 

50% KCl/50% CaCl2 0.25 mM KCl; 0.25 mM CaCl2 1 mM 

25% KCl/75% CaCl2 0.10 mM KCl; 0.30 mM CaCl2 1 mM 

100% CaCl2 0.33 mM CaCl2 1 mM 

 

Table S2. Measured and predicted values for the intrinsic conductance as a function of electrolyte 
composition. Conductance values are given as a ratio of the conductance at a given electrolyte composition 
over the conductance of the 0% CaCl2 (i.e. 100% KCl case) as discussed in the main manuscript. The 
conductance values calculated from equations ((S3)-(S6)) below fail to predict the measured conductance 
indicating the constant surface charge assumption is invalid for electrolyte mixtures.  

Electrolyte Composition GEC /G100%KCl  calculated GEC/G100% KCl measured 

100% KCl 1.00 1.00 

75% KCl/25% CaCl2 0.95 0.49 

50% KCl/50% CaCl2 0.91 0.42 

25% KCl/75% CaCl2 0.89 0.40 

100% CaCl2 0.87 0.41 
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ANALYSIS FOR ELECTROLYTE MIXTURES 

The current through the nanochannel is given by equation (S2) 

 𝐼𝐼 =  𝑤𝑤ℎ𝐹𝐹�𝜇𝜇𝑖𝑖𝑧𝑧𝑖𝑖2𝑐𝑐𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝑚𝑚

𝑖𝑖=1

𝐸𝐸 (S2) 

where, 𝐸𝐸 is the electric field,  𝑧𝑧𝑖𝑖 is the valence for species 𝑖𝑖,  𝜇𝜇𝑖𝑖   is the ionic mobility for species i, and 

𝑐𝑐𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 is the concentration of species i within the nanochannel. Note that equation (1) (main manuscript) 

is easily derived from equation (S2) by considering that 𝑐𝑐𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 is determined by the bulk electrolyte 

concentration and the electroneutrality condition.S15,16 

The intrinsic nanochannel conductance for an electrolyte mixture prepared from KCl and CaCl2 is 

then given by 

 𝐺𝐺𝑎𝑎 =
𝐹𝐹𝐹𝐹ℎ
𝐿𝐿 �𝜇𝜇𝐾𝐾+𝑐𝑐𝐾𝐾+

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 + 4𝜇𝜇𝐶𝐶𝐶𝐶2+𝑐𝑐𝐶𝐶𝐶𝐶2+
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 + 𝜇𝜇𝐶𝐶𝐶𝐶−𝑐𝑐𝐶𝐶𝐶𝐶−𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛� (S3) 

where 𝑐𝑐𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 is the concentration of a species 𝑖𝑖 in the nanochannel and is related to the surface charge 

density in the surface charge governed regime by 𝐹𝐹ℎ𝑧𝑧𝑖𝑖𝑐𝑐𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 2𝜎𝜎. Consistent with previous reports for 

single electrolytes,S15,17,18 a constant surface charge density was assumed for all electrolyte compositions. 

Consequently, to maintain system electroneutrality, the space charge within the nanochannel volume must 

also remain constant across electrolyte compositions (equation (S4)).  

Using 0% CaCl2 (or, 100% KCl) as the baseline case, since the space charge is constant the total 

concentration of all ionic species within the nanochannel is expressed in terms of the concentration of 

species in the 0% CaCl2 (100% KCl) case as  

 𝑐𝑐𝐾𝐾+
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 + 2𝑐𝑐𝐶𝐶𝐶𝐶2+

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 + 𝑐𝑐𝐶𝐶𝐶𝐶−𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 =  𝑐𝑐𝐾𝐾+
100 (S4) 

where 𝑐𝑐𝐾𝐾+
100% is the concentration of K+ in the nanochannel for the 0% CaCl2 (100% KCl) case. 

Consistent with previous work, the relative concentration of cations in the nanochannel is assumed to be 

equal to the relative concentration of cations in the bulk or reservoir,S19 that is  
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 𝑐𝑐𝐶𝐶𝐶𝐶2+
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝2+𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛, and (S5) 

 𝑐𝑐𝐾𝐾+
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝+𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 (S6) 

where 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝2+ = 𝑐𝑐𝐶𝐶𝐶𝐶2+
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏/𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  and 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝+ = 𝑐𝑐𝐾𝐾+

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏/𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  and 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝2+and 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝+ are the proportions 

of Ca2+ and K+ in the bulk solution respectively.  

Given that 𝜇𝜇𝐶𝐶𝐶𝐶2+ = 0.434 𝜇𝜇𝐾𝐾+ ,S20 the conductance at a given electrolyte composition (𝐺𝐺𝐸𝐸𝐸𝐸) can be 

written in terms of the conductance in the 100% KCl case (𝐺𝐺100% 𝐾𝐾𝐾𝐾𝐾𝐾) from equations ((S3)-(S6)) as 

 
𝐺𝐺𝐸𝐸𝐸𝐸

𝐺𝐺100% 𝐾𝐾𝐾𝐾𝐾𝐾
= �

1.736𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝2+ + 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝+

2𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝2+ + 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝+ �. (S7) 

The measured and predicted values of the intrinsic nanochannel conductance as a function of electrolyte 

composition are shown in Figure 4 of the main manuscript (with values listed in Table S2). The contribution 

to the conductance from Cl- ions was neglected since at 1 mM, the electric double layers are strongly 

interactingS21 and therefore the nanochannels are expected to be permselective for cations.S22 

Since the constant surface charge density assumption failed to predict the measured conductance 

for electrolyte mixtures, the measured conductance was instead used to calculate the value of the effective 

surface charge density as a function of electrolyte composition. From equations ((S3), (S5), (S6)), and the 

electroneutrality condition the relative surface charge density at a given electrolyte composition is given by  

 𝜎𝜎𝐸𝐸𝐸𝐸
𝜎𝜎0

=

𝐺𝐺𝐸𝐸𝐸𝐸
𝐺𝐺100% 𝐾𝐾𝐾𝐾𝐾𝐾

(2𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝2+ + 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝+)

1.736𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝2+ + 𝑝𝑝𝑝𝑝𝑝𝑝𝐾𝐾+  (S8) 

where 𝜎𝜎𝐸𝐸𝐸𝐸 is the surface charge density for a given electrolyte composition and 𝜎𝜎0 is the surface charge 

density for the 0% CaCl2 (100% KCl) case. The values of 𝜎𝜎𝐸𝐸𝐸𝐸
𝜎𝜎0

 are plotted in Figure 4 of the main manuscript. 
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NUMERICAL MODEL IN COMSOL MULTIPHYSICS  

A 2-D Poisson-Nernst-Planck (PNP) model for ionic transport was implemented using COMSOL 

Multiphysics. Numerical models were performed for 1 mM KCl and for 0.33 mM CaCl2 as a function of 

pH. A schematic of the micro- and nanofluidic system modeled using COMSOL is shown in Figure S3. 

  

        

Figure S3: A schematic of the micro- nanofluidic system modeled with COMSOL Multiphysics. Due to 
the low aspect ratio of the nanochannel (width >> height) the system was modeled in two dimensions.S20 
The inlet and outlet reservoirs, which correspond to the near-infinite reservoirs represented by the 
microchannels in the fabricated device, were 500 nm long and 250 nm tall. The size of the channel in the 
model was 16 nm deep x 500 nm long. The concentration in the inlet and outlet reservoirs was set to the 
bulk electrolyte concentration with all four species considered (that is K+, Cl-, OH-, and H+ for KCl and 
Ca2+, Cl-, OH-, and H+ for CaCl2). The axial electric field of 2kV/m was set to match the experimental case 
𝑉𝑉𝑎𝑎 = 5V. The location where the concentration and potential boundary conditions were imposed is indicated 
with the red arrow in the schematic. The surface charge density for each pH was imposed on all surfaces 
marked with the dark grey line (reservoirs and nanochannel). The magnitude of the surface charge density 
was the fit parameter used to match the experimentally measured and numerically calculated values of the 
intrinsic conductance as discussed below. 

 

Due to the use of ultra-low aspect ratio (ULAR) nanochannels (width >> height) considered here 

the system was modeled in two dimensions.S20  The size of the channel in the model was 16 nm deep x 500 

nm long.  The current was calculated according to  

 
𝐼𝐼 =

𝑧𝑧𝑖𝑖𝑤𝑤𝑤𝑤
𝐿𝐿

� � � 𝑁𝑁𝚤𝚤���⃑ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑚𝑚=4

𝑖𝑖

ℎ

0

𝐿𝐿

0
 (S9) 

where, 𝐼𝐼 is the current, 𝑧𝑧𝑖𝑖 is the valence of species 𝑖𝑖, 𝑤𝑤 is the channel width, 𝐹𝐹 is Faraday’s constant, 𝐿𝐿 is 

the channel length, ℎ is the channel height, and 𝑁𝑁𝑖𝑖 is the flux of the four charged species in the channel. 

The current calculated with the COMSOL model was multiplied by the number of nanofluidic channels in 

the fabricated device. Here, the total flux of ions (K+, Cl-, OH-, and H+ for KCl and Ca2+, Cl-, OH-, and H+ 

𝑐𝑐𝑖𝑖 = 𝑐𝑐𝑏𝑏𝑏𝑏𝐶𝐶𝑏𝑏

𝐿𝐿 = 500 𝑠𝑠𝑚

𝑉𝑉𝑎𝑎 = 5𝑉𝑉 𝑉𝑉𝑎𝑎 = 4.999𝑉𝑉
𝑐𝑐𝑖𝑖 = 𝑐𝑐𝑏𝑏𝑏𝑏𝐶𝐶𝑏𝑏

ℎ = 16 𝑠𝑠𝑚
Inlet 

µ channel
Outlet 

µ channel

𝐿𝐿𝑏𝑏𝑒𝑒𝑔𝑔 = 500 𝑠𝑠𝑚

ℎ𝑏𝑏𝑒𝑒𝑔𝑔 = 250 𝑠𝑠𝑚

𝑑𝑑
𝑑𝑑
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for CaCl2) was integrated across all cross sections along the nanochannel length and then divided by the 

total length of the channel to obtain the average flux. The space charge density, 𝜌𝜌𝑒𝑒, is related to the potential 

(𝜙𝜙) by the Poisson equation (equation (S10)) 

 ∇ ∙ (𝜀𝜀𝑅𝑅∇𝜙𝜙) = −
𝜌𝜌𝑒𝑒
𝜀𝜀0

 (S10) 

where 𝜀𝜀𝑅𝑅 is the relative permittivity of the electrolyte solution,  𝜀𝜀0 is the permittivity of free space, and 𝜌𝜌𝑒𝑒 

is the space charge density is given by 

 𝜌𝜌𝑒𝑒 = 𝐹𝐹�𝑧𝑧𝑖𝑖𝑐𝑐𝑖𝑖

𝑚𝑚

𝑖𝑖=1

 (S11) 

The Poisson equation combined with mass transport: 

 𝜕𝜕𝑐𝑐𝑖𝑖
𝜕𝜕𝜕𝜕

= −∇ ∙ 𝑁𝑁𝚤𝚤���⃑ = 0 (S12) 

allows determination of the flux of species 𝑖𝑖 given by the Nernst-Planck equations: 

 𝑁𝑁𝚤𝚤���⃑ = −𝐷𝐷𝑖𝑖∇𝑐𝑐𝑖𝑖 − 𝜇𝜇𝑖𝑖𝑧𝑧𝑖𝑖𝑐𝑐𝑖𝑖∇𝜙𝜙 + 𝑐𝑐𝑖𝑖𝑢𝑢�⃗  (S13) 

Here, 𝐷𝐷𝑖𝑖 is the coefficient of diffusion, ∇𝑐𝑐𝑖𝑖 is the concentration gradient, 𝜇𝜇𝑖𝑖 is the ionic mobility, 𝑧𝑧𝑖𝑖 is the 

valence, 𝑐𝑐𝑖𝑖 is the concentration of each species i in the nanochannel, ∇𝜙𝜙 is the electric field, and 𝑢𝑢�⃗  is the 

velocity of the fluid flow. The ionic mobility is given by Einstein’s relation, 𝜇𝜇𝑖𝑖 = 𝐷𝐷𝑖𝑖𝐹𝐹/𝑅𝑅𝑅𝑅, where 𝑅𝑅 is the 

universal gas constant, and 𝑇𝑇 is the absolute temperature. 

The inlet microchannel reservoir potential was set to 5 V while the outlet microchannel potential 

was set to 4.999 V. This gives an electric field of 2kV/m in the numerical model to match the experimental 

case 𝑉𝑉𝑎𝑎 = 5V by using scaling methodology we have reported previously.S23 Details of the nanochannels 

being operated under both 𝑉𝑉𝑎𝑎 = 3V and 𝑉𝑉𝑎𝑎 = 5V have been reported previouslyS1 and the 5V case was chosen 

here as a representative example. The continuity equation and the steady-state Navier-Stokes equations for 

an incompressible fluid were used for the velocity (equations (S14) and (S15)). 
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 −∇𝑝𝑝 + 𝜂𝜂∇2𝑢𝑢�⃗ − 𝜌𝜌𝑒𝑒∇𝜙𝜙 = 0 (S14) 

   

 ∇ ∙ 𝑢𝑢�⃗ = 0   (S15) 

   

where 𝜂𝜂 is the fluid viscosity and ∇𝑝𝑝 is the pressure gradient.  

The size of the reservoirs was selected to ensure that the potential was constant in the reservoirs 

and that effects of the reservoir surface charge were minimal i.e., cation and anion concentration is equal 

to bulk concentration in the reservoir, except near the charged walls.S24 The walls were impermeable to 

flow with a no slip boundary condition for the velocity. The concentration in the reservoirs was set to the 

bulk electrolyte concentration, which was 1 mM for KCl and 0.33 mM for CaCl2. The concentration of H+ 

in the reservoir was set to 10-pH and the concentration of OH- to 10-(14-pH). A constant surface charge 

boundary condition was used for the potential at each of the charged walls according toS24 

 
𝜎𝜎 = −𝜀𝜀𝑒𝑒

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 

𝜎𝜎 = −𝜀𝜀𝑒𝑒
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 

 

(S16) 

Here, 𝜎𝜎  is the surface charge density, 𝜀𝜀𝑒𝑒 is the permittivity of the electrolyte, and 𝜙𝜙 is the potential in the 

channel. The predicted conductance was obtained by dividing the calculated current by the applied axial 

potential. The magnitude of the surface charge density, 𝜎𝜎, was used as a fit parameter to match the simulated 

conductance with the experimentally measured conductance.  

A second case was numerically compared for both electrolytes as a function of pH to determine if 

there is any significant effect due to possible heterogeneous surface charge density between the glass and 

PDMS walls as discussed in the main manuscript. The values of the surface charge density input into 

COMSOL Multiphysics for both cases for 1 mM KCl and 0.33 mM CaCl2 are listed in Table S3 and Table 

S4 respectively. In Case 1, 𝜎𝜎𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  𝜎𝜎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔. In Case 2, 4𝜎𝜎𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  𝜎𝜎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔, however, the total surface charge 

(𝑤𝑤𝑤𝑤𝑤𝑤𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 + 𝑤𝑤𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔) was fixed between the two cases. A similar model with heterogeneous surface 
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charge density was performed for CaCl2. The values of the surface charge density are listed in Table S3 for 

1 mM KCl and Table S4 for 0.33 mM CaCl2. 

 

Table S3. Values of the surface charge density as a function of pH used in COMSOL simulations for 1 mM 
KCl. The total surface charge (𝑤𝑤𝑤𝑤𝑤𝑤𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 +  𝑤𝑤𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔) remains fixed for both cases.  

KCl Case 1: Homogenous Surface Charge 
𝝈𝝈𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 =  𝝈𝝈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈 

Case 2: Heterogeneous Surface Charge 
𝟒𝟒𝟒𝟒𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 =  𝝈𝝈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈 

pH Surface 
Charge 
Density 
(C/m2) 
Glass 

Surface 
Charge 
Density 
(C/m2) 
PDMS 

Total surface 
charge 

(𝑤𝑤𝑤𝑤𝑤𝑤𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 +
 𝑤𝑤𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔) 

(pC) 

Surface 
Charge 
Density 
(C/m2) 
Glass 

Surface 
Charge 
Density 
(C/m2) 
PDMS 

Total surface 
charge 

(𝑤𝑤𝑤𝑤𝑤𝑤𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 +
 𝑤𝑤𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔) 

(pC) 
2 0 0 0 0 0 0 
4 0 0 0 0 0 0 
6 -0.0017 -0.0017 -0.085 -0.0027 -0.0007 -0.085 
7 -0.0025 -0.0025 -0.125 -0.0040 -0.0010 -0.125 
8 -0.0042 -0.0042 -0.210 -0.0067 -0.0017 -0.210 

10 -0.0045 -0.0045 -0.225 -0.0072 -0.0018 -0.225 
 

Table S4. Values of the surface charge density as a function of pH used in COMSOL simulations for 
0.33 mM CaCl2. The total surface charge (𝑤𝑤𝑤𝑤𝑤𝑤𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 +  𝑤𝑤𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔) remains fixed for both cases. 

CaCl2 Case 1: Homogenous 
𝝈𝝈𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 =  𝝈𝝈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈 

Case 2: Heterogeneous Surface Charge 
𝟒𝟒𝟒𝟒𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 =  𝝈𝝈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈 

pH Surface 
Charge 
Density 
(C/m2) 
Glass 

Surface 
Charge 
Density 
(C/m2) 
PDMS 

Total surface 
charge 

(𝑤𝑤𝑤𝑤𝑤𝑤𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 +
 𝑤𝑤𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔) 

(pC) 

Surface 
Charge 
Density 
(C/m2) 
Glass 

Surface 
Charge 
Density 
(C/m2) 
PDMS 

Total surface 
charge 

(𝑤𝑤𝑤𝑤𝑤𝑤𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 +
 𝑤𝑤𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔) 

(pC) 
2 0 0 0 0 0 0 
4 0 0 0 0 0 0 
6 0 0 0 0 0 0 
7 -0.0010 -0.0010 -0.050 -0.0016 -0.0004 -0.050 
8 -0.0017 -0.0017 -0.085 -0.0027 -0.0007 -0.085 

10 -0.0016 -0.0016 -0.080 -0.0026 -0.0006 -0.080 
 

The intrinsic conductance for all four cases (2 each for KCl and CaCl2) calculated using COMSOL 

Multiphysics are shown in Figure S4 with further discussion in the main manuscript. Numerical solutions 

were verified for mesh independence with a relative tolerance for convergence set to 10-6. The numerically 

computed conductances for the homogenous and heterogeneous surface charge distribution cases differed 
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by less than 2% for both KCl and CaCl2 showing that the intrinsic conductance is independent of likely 

unequal surface charge density on the top and bottom walls. The intrinsic conductance, therefore, is 

determined by the total surface charge on the walls and the resulting space charge in the nanochannel 

volume as a function of pH. As expected, the intrinsic conductance was dominated by electromigration 

(93% total current), followed by convective flux contributing ~7%. Contribution of diffusive flux towards 

the overall current was negligible. 

 

Figure S4. Numerically computed and experimentally measured intrinsic nanochannel conductance as a 
function of pH. The numerically computed conductances for the homogenous and heterogeneous surface 
charge distribution cases differed by less than 2% for both KCl and CaCl2. The dashed lines are intended 
as eye-guides.  

 

ESTIMATION OF BARE SURFACE CHARGE DENSITY AND INTERACTION PARAMETER  

  As noted in the main manuscript, interactions between multivalent counter ions (i.e., those with 

opposite polarity to the wall charge) in the electrolyte with the charged wall and/or with each other are 

known to cause charge inversion at sufficiently high electrolyte concentration. While there is no consensus 

in the literature about the mechanism by which charge inversion occurs for divalent ions, the concentration 

where charge inversion is expected ranges from 10 mM for strongly correlated liquid theory based on ion-

ion interactions S3,16 to 350 mM or higher based on other previous reports.S25-27 The pH data for 0.33 mM 

CaCl2 and the observed transition for conductance of divalent electrolytes and mixtures in the main 

2 3 4 5 6 7 8 9 10
0.1

1

10

100
 

 

 KCl Data                        CaCl2 Data
 KCl (σPDMS=σglass)          CaCl2 (σPDMS=σglass)
 KCl (4σPDMS=σglass)        CaCl2 (4σPDMS=σglass)

In
tr

in
si

c 
C

on
du

ct
an

ce
 (p

S)

pH



S-13 
 

manuscript occur at concentrations below 10 mM, the lowest reported concentration for charge inversion 

for divalent cations. However, for completeness the interaction parameter was calculated to ensure ion-ion 

interactions do not significantly affect the system reported here.  

The interaction parameter depends on the value of the bare or native surface charge density. The 

bare surface charge density (𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) is given by the sum of the contributions from each type of ionizable 

surface group,S28-30 

 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑒𝑒(Γ+ − Γ−) (S17) 

 
where Γ+ is the total number of positively charged surface sites, Γ− is the total number of negatively 

charged surface sites, and 𝑒𝑒 is the elementary charge. For silica, negative surface sites arise from the 

deprotonation of surface silanol groups according to the reaction,S28-30 

  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ⇌  𝑆𝑆𝑆𝑆𝑆𝑆− + 𝐻𝐻+  (S18) 

 
where, the equilibrium constant, pK1 for the deprotonation reaction can be written from the law of mass 

action as S28,31 

 [𝐻𝐻+]𝑆𝑆Γ𝑆𝑆𝑆𝑆𝑆𝑆
−

Γ𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
=  10−𝑝𝑝𝑝𝑝1  (𝑀𝑀𝑀𝑀𝑀𝑀/𝑙𝑙) (S19) 

Here pK1 determines the equilibrium number of ionized surface groups as a function of pH. The surface 

proton concentration ([𝐻𝐻+]𝑆𝑆) was assumed to follow a Boltzmann distributionS28-31 

 [𝐻𝐻+]𝑆𝑆 = [𝐻𝐻+]𝐵𝐵exp �−𝐹𝐹𝜙𝜙𝑆𝑆 𝑅𝑅𝑅𝑅� � (S20) 

 
Where, the bulk proton concentration ([𝐻𝐻+]𝐵𝐵) is related to the solution 𝑝𝑝𝑝𝑝 by  

 [𝐻𝐻+]𝐵𝐵 = 10−𝑝𝑝𝑝𝑝  �
𝑀𝑀𝑀𝑀𝑀𝑀
𝑙𝑙
� (S21) 

 
Subsequently, the equation for the surface charge density is given by 
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𝜎𝜎 =
−𝑒𝑒Γ�10−𝑝𝑝𝑝𝑝1+𝑝𝑝𝑝𝑝exp �𝐹𝐹𝜙𝜙𝑆𝑆 𝑅𝑅𝑅𝑅� ��

1 + 10−𝑝𝑝𝑝𝑝1+𝑝𝑝𝑝𝑝exp �𝐹𝐹𝜙𝜙𝑆𝑆 𝑅𝑅𝑅𝑅� �
 (S22) 

An independent solution for the surface charge density as a function of surface potential was also 

obtained by implementing the Poisson-Boltzmann description of the ion distribution near the charged 

wall.S28-30 Given the ULAR nanochannels (here, aspect ratio = 0.0005)S32 with near-infinite length (2.5 mm) 

with respect to 16 nm channel depth, the Poisson equation was written in a 1-D form with a Boltzmann 

distribution for the space charge density, and solved analytically for 𝜎𝜎. The equation for the surface charge 

density for a symmetric monovalent electrolyte is, 

 𝜎𝜎 = �8𝑅𝑅𝑅𝑅𝜀𝜀𝑒𝑒𝐼𝐼𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠ℎ �
𝑧𝑧𝑧𝑧

2𝑅𝑅𝑅𝑅
𝜁𝜁� (S23) 

which is the well-known Grahame equation for a monovalent symmetric electrolyte. The zeta potential (𝜁𝜁) 

is related to the surface potential (𝜙𝜙𝑆𝑆) byS31 

 𝜙𝜙𝑆𝑆 =
𝜎𝜎𝑆𝑆 + 𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝜁𝜁

𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
 (S24) 

where, the Stern layer capacitance, 𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 was 2.9 F/m2 S29-31. Equations (S22) and (S23) were solved self-

consistently for σ and ζ for a 1:1 electrolyte as a function of pH. Here the ionic strength, Is is given by  

 𝐼𝐼𝑆𝑆 =
1
2
�𝑧𝑧𝑖𝑖2𝑐𝑐𝑖𝑖 (S25) 

For estimation of the bare surface charge density, a single 𝑝𝑝𝑝𝑝 value was used for both the glass and 

PDMS surfaces. As discussed above the intrinsic conductance captures the average surface charge density. 

Further, a previous reportS33 showed that glass and PDMS have similar 𝑝𝑝𝑝𝑝 values and thus similar change 

in surface charge density as a function of pH. Figure S5 shows the well-known profile for the bare surface 

charge density as a function of pH plotted alongside the average surface charge density results from 

COMSOL Multiphysics (main manuscript). A pK1 value of 7.5 best fits or even overestimates the 
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monovalent electrolyte surface charge density in the pH range where no ion-surface interactions for K+ are 

expected.  

For strongly correlated liquid theory to apply Γ ≫ 1 where Γ is the interaction parameter given by 

Γ =  
�𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑧𝑧3𝑒𝑒3/𝜋𝜋

4𝑘𝑘𝑏𝑏𝑇𝑇𝜀𝜀𝑅𝑅𝜀𝜀0
 

Here 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is the bare surface charge density, 𝑧𝑧 is the ion valence, 𝑒𝑒 is the elementary charge, 𝑘𝑘𝑏𝑏𝑇𝑇 is the 

thermal energy and 𝜀𝜀𝑅𝑅 and 𝜀𝜀0 are the relative and vacuum permittivity. The interaction parameter at pH 7 

for divalent cations is Γ = 0.66, corresponding to weak ion-ion correlationsS26,34,35 therefore, ion-ion 

interactions are neglected. The reduction in surface charge density for divalent cations is, therefore, 

attributed to ion-surface interactions. 
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