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ABSTRACT 10 

The Henderson equation is usually used to calculate liquid junction potentials between miscible 11 

electrolyte solutions. However, the potentials of reference electrodes that comprise an electrolyte-12 

filled nanoporous glass frit may also be affected by charge screening. As reported previously, when 13 

the Debye length approaches or surpasses that of the glass pore diameter, reference potentials 14 

depend on the composition of the bridge electrolyte, the pore size of the frit, and the concentration 15 

of electrolyte in the sample. We report here that stirring of samples may alter the reference 16 

potential as it affects the electrolyte concentration in the section of the nanoporous glass frits that 17 

is facing the sample solution. When the flow rate of bridge electrolyte into the sample is small, 18 

convective mass transport of sample into the nanoporous frit occurs. The depth of penetration into 19 

the frits is only a few nanometers but, despite the use of concentrated salt bridges, this is enough 20 

to affect the extent of electrostatic screening when samples of low ionic strength are measured. 21 

Mixing of sample and salt bridge solutions—and in particular penetration of sample components 22 

into the frit—was optically monitored by observation of a deeply colored Fe[(SCN)(H2O)5]2+ 23 

complex that formed in situ exclusively in the region where the sample and salt bridge mixed. 24 

Importantly, because flow through nanoporous frits is very slow, mass transport through these frits 25 

is dominated by diffusion. Consequently, over as little as one hour, reference electrode frits with 26 

low flow rates become contaminated with sample components and undergo depletion of electrolyte 27 

within the frit to a depth of several millimeters, which can negatively affect subsequent 28 

experiments. 29 
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INTRODUCTION 32 

 A range of advances in the design of reference electrodes have been made over the past 33 

decades and provide important improvements toward calibration-free electrochemical sensing1 34 

and long-term measurements.2 They include the use of nanoporous glasses with various pore 35 

sizes,3 ionic liquid salt bridges,4-6 and solid state designs.7-12 Most designs have a particular 36 

application in mind, such as the flexible reference electrodes that enable wearable sensors13-14 or 37 

paper-based devices,15 and as a result they have each their own unique advantages. However, even 38 

though innovation in this field has allowed overcoming problems encountered in specialized 39 

applications, the use of reference electrodes that comprise a free-flowing liquid junction or a liquid 40 

junction in which flow is restrained by porous glass, ceramic materials, or capillaries is still 41 

widespread and appears unlikely to disappear any time soon. Unfortunately, the limitations of these 42 

junctions are cause of many errors and much loss of time in routine analysis.16 Surprisingly, only 43 

little attention has been given in the past to the effect on reference potentials of seemingly obvious 44 

experimental parameters such as stirring and bridge electrolyte flow. 45 

Reference electrodes with free-flowing liquid junctions17 were shown to provide stable 46 

reference potentials, where, with some assumptions, the liquid-junction potential can be calculated 47 

theoretically.18-22 Here we apply the Henderson equation to do so.22 The use of free-flowing liquid 48 

junctions, however, requires that the bridge electrolyte be refilled regularly. To reduce 49 

maintenance, the loss of bridge electrolyte can be slowed by placing a capillary or porous frit 50 

between the bridge electrolyte and sample (using frits with pore diameters of 5 – 1000 nm)3 or by 51 

stopping the flow of bridge electrolyte altogether with a gel.23 This reduces maintenance but can 52 

lead to new problems, such as contamination or depletion of the bridge electrode within the frit if 53 

flow rates are low. This results, e.g., in slow responses of combination pH electrodes after exposure 54 

to samples with a low electrolyte content for long periods of time, a problem frequently 55 

encountered in routine analysis and often misinterpreted as a slow response of the pH sensitive 56 
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half cell. To avoid problems associated with low flow rates, pressurized inner filling solutions have 57 

been applied to ensure a continuous flow of electrolyte through the restrained liquid junction.24-30 58 

 Of the restrained liquid junctions, the most commonly used reference electrode design 59 

contains a micro- or nanoporous frit that separates the sample from an inner filling solution 60 

(typically composed of concentrated KCl) that contacts a AgCl-coated Ag wire. The phase 61 

boundary potential across the interface of the inner filling solution and AgCl/Ag depends on the 62 

activity of Cl–, as defined by the Nernst equation.31 As the inner filling solution is separated from 63 

the sample by the porous frit/salt bridge, this KCl|AgCl|Ag phase boundary potential is not affected 64 

by the sample. It is usually assumed that the interface between the electrolyte-filled porous frit and 65 

the sample solution contributes with a liquid junction potential, the size of which can be predicted 66 

quantitatively.22 However, it has been shown that charge screening caused by the negative charges 67 

on the pore walls at the interface of nanoporous glass frits and sample solutions may result in phase 68 

boundary potentials that differs from the liquid-junction potential predicted for a free-flowing 69 

junction.3, 32 The extent of charge screening depends on the pore size and composition of the frit 70 

material as well as the electrolyte strength and pH of the sample solution.3 As the ionic strength of 71 

sample solutions is decreased, the Debye length in these solution approaches and eventually 72 

surpasses that of the frit pore size, resulting in charge screening (see Figure 1).33 73 

 74 

Figure 1. Charge screening at the interface of a porous frit filled with bridge electrolyte and 75 

a sample solution. Dotted lines represent the thickness of the Debye layer, which prevents anions 76 
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from entering the porous matrix. Pore walls represented as circles, a simplification used for the 77 

calculations described in the section Stirred Regions within Nanoporous Frits. 78 

In this contribution we show that stirring of sample solutions may affect reference 79 

potentials, an effect that has been ignored in the prior literature on porous liquid junctions. We 80 

constructed electrochemical cells to determine the potential of cells comprising nanoporous glass 81 

frits in stirred/laminar flow solutions and unstirred solutions. Moreover, the extent to which stirred 82 

regions penetrate into nanoporous glass was assessed using a simple hydrodynamic scaling 83 

model.34-36 Convection within a thin frit section that is nearest to the sample leads to mixing of the 84 

sample solution with the salt bridge electrolyte. This can alter the Debye length of the solution 85 

within the frit and affects charge screening by the negatively charged pore walls. To describe this 86 

process, the flow rate of reference electrodes was compared in this work with the distance K+ and 87 

Cl— ions diffuse through the frit over a comparable timespan. This work shows that diffusion is 88 

the dominant process in reference electrodes with 2.0–5.5 nm pores, allowing for electrolyte to 89 

diffuse both out of and into the reference electrodes. Diffusion was also qualitatively studied by 90 

visually monitoring mixing of FeCl3 and KSCN solutions.17 The dark red complex 91 

Fe[(SCN)(H2O)5]2+ forms where the Fe3+ and SCN– containing solutions mix,37 visualizing the 92 

location of the diffusional fronts within frits. Images that show time-dependent mixing within 93 

nanoporous frits highlight the significant contamination of nanoporous frits in the course of 94 

electrochemical measurements. 95 

EXPERIMENTAL SECTION 96 

Materials 97 

AgCl (98%), KCl, FeCl3, sodium acetate-13C2, LiOH, Dowex HCR-W2, and 1.0 M HCl were 98 

purchased from Sigma-Aldrich, Ag wires (0.5 mm diameter, ≥ 99.9%) from Alfa Aesar, porous 99 

Vycor glass frits (28% pore volume, 2.0–5.5 nm pore diameter, 3 mm diameter, 3 mm length, 1.5 100 

g/cm3 density, and 250 m2/g surface area)38-39 from Bioanalytical Systems, a pH glass electrode 101 
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from Hanna Instruments, and KSCN from J.T. Baker Chemical Corporation. All chemicals were 102 

used as received. 103 

Preparation of AgCl-coated Ag wires 104 

Ag wires were cleaned in 3 M nitric acid for 30 s and rinsed using deionized purified water. 105 

Wires were then placed in 0.1.0 M HCl with a Pt mesh counter electrode and a Ag/AgCl (3M KCl) 106 

reference electrode equipped with a Vycor frit. A current of 0.4 mA/cm2 was applied for 45 min. 107 

The AgCl-coated wires were cleaned with deionized water and allowed to age for at least 24 h in 108 

AgCl-saturated H2O. 109 

Preparation of Porous Frit Reference Electrodes for Electrochemical Measurements 110 

Vycor frits were cleaned in stirred deionized water at 60 °C for 6 h. This process was repeated 111 

three times before drying of the frits under vacuum. Vycor frits were attached to glass tubes (5 cm 112 

long, 3 mm diameter) with Teflon heat shrink tube. The glass tubes were then filled with 3 M KCl 113 

saturated with AgCl and stored in 3 M KCl for at least two days prior to measurements. The height 114 

of the inner filling solution was 5 cm, which generated a constant pressure of 5 Í 10–3 bar and 115 

flow rate of 4 ± 2 nL/h.3 AgCl/Ag wires were inserted through rubber septa into the glass tubes 116 

before measurements. 117 

Potentiometric Measurements 118 

A Lawson Labs EMF 16 channel potentiometer (Malvern, PA) controlled by EMF Suite 1.02 119 

software was used for all measurements of potentials (E). Each measurement was performed at 120 

room temperature (23 ± 2 °C). KCl solutions were prepared by serial dilution with purified water 121 

(18.2 MΩ cm specific resistance, EMD Millipore, Philadelphia, PA) from 1.0 M KCl stock 122 

solutions. Potentials were measured relative to a Mettler Toledo DX200 free-flowing double 123 

junction reference electrode (with a 3.0 M KCl bridge electrolyte and AgCl-saturated 3.0 M KCl 124 

inner reference electrolyte).17 A schematic of the experimental setup is included in the 125 

Supplemental Information (Figure 2). The tubular electrode bodies were not sealed at the top to 126 

allow for gravity driven solution flow towards the samples. Activity coefficients were calculated 127 
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using a two-parameter Debye-Hückel approximation,33 and all potential measurements were 128 

corrected for liquid junction potentials at the free-flowing double junction reference electrode 129 

using the Henderson equation.18 Alternative methods for the calculation of liquid-junction 130 

potentials are available, but for most cases predictions from different models differ only slightly 131 

(see ref. 22 for more information). 132 

A Corning PC-420D hot plate was used for stirring. Stirred solutions corresponded to a 133 

magnetic stir bar rotation rate of 400 rotations per minute. A 150 mL glass beaker (55 Í 85 cm) 134 

with a 1 Í 6.4 mm Teflon-coated cylindrical stir bar was used for all potentiometric 135 

measurements. The reference electrode comprising the Vycor frit was immersed into the sample 136 

solutions to a depth of 1 cm. 137 

 138 

Figure 2. Schematic of the experimental setup used to measure potentials at the interface of 139 

sample solutions and porous frits. 140 

Resistance Measurements 141 

Resistances were measured with the known shunt method.40 The potentials (E1) of three 142 

porous frit reference electrodes (filled with 3 M KCl) were first measured in stirred and unstirred 143 

100 µM LiCl solutions versus a free-flowing double junction reference electrode. The potentials 144 
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(E2) were measured a second time after the porous frit reference electrode was shorted to the free-145 

flowing double junction reference electrode through a 48 kΩ resistor in stirred and unstirred 100 146 

µM LiCl solutions. Resistances were calculated as 48 kΩ Í (E1 – E2) / E2. 147 

Preparation of Lithium Acetate-13C2 148 

 Dowex HCR-W2 cation-exchange resin was loaded onto a column (resin: 1.5 cm Í 20 cm) 149 

and rinsed with five column volumes of 1.0 M HCl to ensure that the resin was loaded with H+. 150 

The resin was then rinsed with purified water until the eluent reached pH = 7, as monitored with 151 

pH test strips, to ensure removal of excess HCl. Then, 1.0 M sodium acetate-13C2 was loaded onto 152 

the column. The acetic acid-13C2 resulting from the Na+ versus H+ ion exchange was eluted with 153 

purified water (~ 200 mL) until pH 6 was reached. A flame test was used to ensure that no Na+ 154 

was contained in the thus obtained eluent. To do so, a small amount of eluent was placed in a 155 

natural gas flame. The bright orange color characteristic for sodium was absent. The eluent 156 

containing the acetic acid-13C2 was neutralized to pH 7 by addition of LiOH, as monitored with a 157 

Hanna Instruments pH glass electrode. The resulting solutions were lyophilized, and the dried 158 

lithium acetate-13C2 was dissolved in D2O to give a 1.0 M solution. 159 

Solid-State NMR of Lithium Acetate-13C2 160 

7Li and 13C solid-state NMR spectra were acquired in the absence and presence of Vycor 161 

glass on an Agilent 700 MHz spectrometer. Vycor frits were ground using a mortar and pestle to 162 

a fine powder. The powder was suspended in 1.0 M lithium acetate-13C2 and tightly packed into a 163 

3.2mm solid-state NMR rotor. An additional sample was prepared without Vycor glass powder. 164 

7Li and 13C NMR spectra were acquired using static and magic angle spinning conditions using 10 165 

kHz spinning rate. The 1D 7Li and 13C spectra were processed using a 100 Hz exponential 166 

multiplication function.  167 

Preparation of Porous Frit Reference Electrodes for Visualization of Diffusion and Flow 168 

Vycor frits were cleaned and attached to glass tubes as described above. The glass tubes were 169 

then filled with one of four solutions, i.e., 2.5 M KSCN/1.0 M KCl, 50 mM FeCl3, 5 mM FeCl3, 170 
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or 0.5 mM FeCl3. Finally, the tubes were stored for at least two days in solutions identical to those 171 

within the glass tubes. Freshly prepared FeCl3 solutions were used at the start of each experiment 172 

as changes in solution color were noted after one week. Reference electrodes filled with 2.5 M 173 

KSCN/1.0 M KCl were rinsed and placed into stirred or unstirred solutions of 50, 5, or 0.5 mM 174 

FeCl3. Reference electrodes filled with 50, 5, or 0.5 mM FeCl3 were rinsed and then placed into 175 

stirred or unstirred solutions of 2.5 M KSCN/1.0 M KCl. 176 

RESULTS AND DISCUSSION 177 

Electrode Potentials in KCl Electrolyte Solutions 178 

Reference electrodes equipped with nanoporous glass junctions were immersed into 179 

aqueous KCl solutions under stirred/laminar-flow and unstirred conditions, and their half cell 180 

potentials were measured relative to a reference electrode that comprised a free-flowing double 181 

junction (for a schematic of the experimental setup, see Figure 2). The reference electrodes with 182 

the frits with 2.0–5.5 nm pores were found to have the same reference potentials in stirred (400 183 

rotations per minute) and unstirred solution when they were immersed in solutions of high ionic 184 

strength (Figure 3). When solutions of lower KCl concentration were stirred with a magnetic 185 

stirring bar, resulting in laminar flow conditions (¯), the potential of the reference electrodes with 186 

the nanoporous glass junction depended on the KCl concentration in the sample solution, which is 187 

consistent with previous reports,3, 32 indicating that charge screening occurs at low electrolyte 188 

solutions, causing potentials to develop at the nanoporous glass frit due to the negatively charged 189 

frit surfaces (i.e., formation of a phase boundary potential due to partial permselectivity).41-44 190 

Moreover, even in unstirred solutions, reference potential variations were approximately five times 191 

greater than those predicted for a liquid-junction potential. As shown in Figure 4, when stirring 192 

was stopped, reference potentials stabilized after ~ 2 min to values closer but not consistent with 193 

those predicted for a liquid-junction potential. 194 

 195 
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 196 

Figure 3. Left axis: Potentials of nanoporous frit reference electrodes as a function of the K+/Cl– 197 

activity of a KCl solution under stirred/laminar flow (¯) and unstirred (Í) conditions and of 198 

calculated liquid junction potentials18 (r) at the corresponding concentrations K+/Cl– activities. 199 

Right axis: Difference in E of a AgCl/Ag wire in stirred and unstirred conditions as a function of 200 

the K+/Cl– activity (�). E was measured relative to a free-flowing double-junction reference 201 

electrode. E values of the nanoporous frit reference electrodes are corrected for liquid junction 202 

potentials at the free-flowing double junction.18 Error bars are 95% confidence intervals for the 203 

average of six electrodes. 204 

 205 
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 206 

Figure 4. Time dependent potential of a reference electrode with a nanoporous frit as a function 207 

of K+/Cl– activity of a KCl solution under stirred/laminar-flow (¯) and unstirred (Í) conditions. 208 

All E values are corrected for liquid junction potentials at the free-flowing double junction 209 

electrode.19 The KCl concentration was diluted stepwise by half after each stirred/unstirred 210 

cycle; the numbers in the graph stand for the logarithm of the K+/Cl– activity. 211 

In control experiments, the potential of a AgCl-coated Ag wire was measured relative to a 212 

reference electrode with a free-flowing double junction to test the expectation that the reference 213 

potential of the electrode with the free-flowing double junction does not differ significantly in 214 

stirred and unstirred solutions. Theory predicts that the potential of a AgCl-coated Ag wire in KCl 215 

solution depends on the activity of Cl– in a Nernstian manner45 and does not depend on the stirring 216 

conditions (provided the solution is already well mixed). Indeed, the reference potential of the 217 

electrode with the free-flowing double junction at each KCl concentration studied (0.8 to 9.2 Í 218 

10-5 M KCl) differed by less than 1.0 mV between unstirred to stirred conditions, confirming that 219 

the changes in potential upon stirring as shown in Figures 3 and 4 originate from the use of 220 

nanoporous glass frits. In addition, the rotation rate of the magnetic stir bar also affected the 221 

reference potential, with increased stir rates increasing the potential deviations (Figure S1). 222 

Similarly, a dependence of the reference potential on the position of the electrode can be expected 223 

if the reference electrode is moved between locations characterized by different rates and 224 
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directions of the sample flow. These results show that lateral flow at the nanoporous glass surfaces 225 

significantly affects reference potentials and must be carefully controlled when working with 226 

solutions of low electrolyte strength.  227 

Stirred Regions within Nanoporous Frits 228 

 Multiple studies have been reported that describe the qualitative and quantitative identity 229 

of stirred areas that form within porous media in contact with stirred solutions undergoing viscous 230 

flow.46-51 In order to approximate the depth to which these stirred regions penetrate into the porous 231 

glass network, we used a straightforward relationship between viscous flow and the depth that 232 

flow can penetrate into a porous surface section represented by spherical objects (see Figure 5). 233 

The argument is based on the classical Kirkwood-Riseman theory of hydrodynamic interactions 234 

in a “non-draining” polymer solution,34-35 but adapted to the current problem.36 Assuming a field 235 

of uniform spheres of radius R and total volume fraction Ø, the number density (n/V) of spheres 236 

can be calculated as: 237 

$
%
= '	∅

)	*	+,
 (1) 238 

The shear force that is required for the flow to penetrate a distance L into the porous space (F1) is 239 

calculated to be: 240 

𝐹. = 𝐴	𝐿	 $
%
	6	π	𝜂4	𝑅	𝑣4  (2) 241 

where 𝜂4 is the viscosity, 𝑣4 is the velocity of the laminar flow above the porous space, and A is 242 

the surface area of the porous material exposed to the laminar flow. Insertion of the right hand side 243 

of eqn 1 for n/V in eqn 2 gives: 244 

𝐹. = 4.5	𝐴	𝐿	∅	𝜂4	𝑅	:;𝑣4 (3) 245 

The shear force drop across distance L (F2) can be calculated as: 246 

𝐹; = 𝐴	𝜂4	𝑣4/𝐿 (4) 247 

Setting F1 equal to F2 gives: 248 

4.5	𝐴	𝐿	∅	𝜂4	𝑅	:;𝑣4 = 𝐴	𝜂4	𝑣4/𝐿 (5) 249 
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Eqn 5 can be solved for L as a function of the volume fraction and pore size: 250 

𝐿 = = .
).>	∅

		𝑅 (6) 251 

 252 

Figure 5. Schematic of a field of uniform spheres (green circles) in contact with a laminar flow 253 

(black arrows) of velocity vs. The velocity of flow is assumed to be 0 at depth L into the porous 254 

field. 255 

 Eqn 6 predicts that the viscous flow of solution outside of a nanoporous frit with Ø = 0.72 256 

and R = 1.00 – 2.25 nm will penetrate into the porous frit to a depth of order 0.56 – 1.25 nm.38 It 257 

follows that solution flow within the few nanometers of the frit closest to the sample solution 258 

contributes to mass transport. When samples have a different ionic composition than the bridge 259 

electrolyte, this reduces the concentration of bridge electrolyte in the frit but near the interface of 260 

the sample and the porous frit. Moreover, the formation of swirls, i.e., circular flow above the 261 

curved flow lines shown in Figure 5, has been shown,46 which may contribute to further local 262 

dilution of the bridge electrolyte. In the case of a frit filled with KCl of a high concentration and a 263 

sample solution of low ionic strength, local depletion of KCl within the frit results in an increase 264 

in the Debye length within the few nanometers of frit closest to the sample solution, increasing the 265 

extent of ionic screening by the charged pore walls.3, 32-33 This description is further supported by 266 

resistance measurements of porous frit reference electrodes in stirred and unstirred 100 µM LiCl 267 

sample solutions. For unstirred solutions, a resistance of 40 ± 1 kΩ (95% confidence interval) was 268 

measured. For stirred solutions (400 rotations per minute), the resistance increased to 86 ± 2 kΩ 269 

(95% confidence interval), which is consistent with a significant increase in charge screening at 270 

the interface of the porous frit facing the sample due to penetration of lower ionic strength 100 µM 271 

LiCl solution into the frit. 272 
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 The previously reported flow rate of nanoporous glass reference electrodes (2.0–5.5 nm 273 

pores),3 4 nL/h, can be converted to a linear flow rate at which solution passes through the 274 

nanoporous frit by dividing the volumetric flow rate by the fraction of the frit cross section not 275 

occupied by glass (2.8Í10–6 m2), resulting in 1.4Í10–6 m/h. This flow rate is very small compared 276 

to the diffusion lengths over one hour of 3.5Í10–3 and 3.6Í10–3 m (calculated as the square root 277 

of 2Ídiffusion coefficientÍtime)52 for K+ and Cl–, respectively, which shows that only 0.04% of 278 

the net ion transport results from solution flow and but 99.96% of the net ion transport is the result 279 

of diffusion. This indicates that the decrease the measured potential, E, after stirring is stopped 280 

results from the elimination of convective mass transport in the surface region of the frit, allowing 281 

for diffusion to reestablish a high concentration of the bridge electrolyte in the surface-near region 282 

of the frit, and leading to greatly decreased charge screening and a liquid junction potential that 283 

can be predicted with the Henderson equation.  284 

Ion Adsorption to Nanoporous Frits as Observed by NMR Spectroscopy 285 

We used magic angle spinning (MAS) solid-state NMR spectroscopy to investigate 286 

whether adsorption of electrolyte ions to the surface of the nanoporous glass is significant and, 287 

thereby, affects the overall rate of electrolyte ion transport through the frit. Since both potassium 288 

and chloride do not have isotopes readily amenable to NMR spectroscopy, we used lithium acetate 289 

instead, which is another commonly used equitransferrent electrolyte often used in salt bridges.22, 290 

53 291 

7Li and 13C solid-state NMR spectra acquired under static conditions with 1.0 M lithium 292 

acetate-13C2 (7Li+, 3.25 ppm, s; 13CH3, 36.26 ppm, s; 13COO–, 194.53 ppm, s) exhibited signals 293 

identical to those containing 1.0 M lithium acetate-13C2 in contact with ground nanoporous glass 294 

recorded with a MAS rate of 10 kHz (7Li+, 3.25 ppm, s; 13CH3, 36.58 ppm, s; 13COO–, 194.90, s). 295 

If more than a very small fraction of the 7Li+ ions in the system had adsorbed to the glass surface, 296 

MAS spectra would be expected to either give rise to new peaks at chemical shifts characteristic 297 

for the unique chemical environment on the glass surface or, if chemical exchange between freely 298 
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dissolved and adsorbed ions were rapid, the chemical shifts observed with and without spinning 299 

would have been a weighted average between the two species. Therefore, these results show that 300 

neither lithium nor acetate ions adsorb to any significant level to the surface of the nanoporous 301 

glass. As prior work has shown only minimal differences in the effect of different electrolyte salts 302 

on charge screening,32 we assume that potassium and chloride also do not adsorb to the nanoporous 303 

glass, an assumption that can unfortunately not be corroborated by NMR spectroscopy.  304 

Visualization of Diffusion through Nanoporous Frits 305 

 In situ formation of the complex Fe[(SCN)(H2O)5]2+ where solutions of KSCN and FeCl3 306 

meet and mix has been used previously to visualize the flow of bridge electrolyte out of reference 307 

electrodes with a free-flow design.17 However, unlike in the original work that took advantage of 308 

this process, flow rates through the (nanoporous) frits used in this work were so low that solution 309 

flow does not explain the color formation observed in our work. As discussed above, as a mode of 310 

mass transport through nanoporous frits, diffusion dominates over hydrodynamic flow. Therefore, 311 

the color changes described below provide a qualitative visualization of the diffusion of ions into 312 

and out of nanoporous frits and are only minimally affected by solution flow.  313 

 The two top panels of Figure 6 show three separate reference electrodes, each filled with 314 

2.5 M KSCN and 1.0 M KCl, exposed to unstirred 50, 5.0 and 0.5 mM solutions of FeCl3. If the 315 

same solutions are mixed in a beaker, i.e., without the nanoporous frit as diffusion barrier, a dark 316 

red color is formed instantaneously. The reference electrode exposed to the 50 mM FeCl3 solution 317 

showed within a few minutes a narrow stream of red color that originated at the frit surface and 318 

flowed approximately vertically downwards. The stream could be easily misinterpreted as solution 319 

flow out of the reference electrode. However, this explanation is inconsistent with the small flow 320 

of solution through the frit, as described above. Instead, diffusion of KSCN and KCl out of the frit 321 

into the less dense FeCl3 solution creates locally at the interface of the frit and the solution a dense 322 

solution (colored by Fe[(SCN)(H2O)5]2+) that subsequently flows downwards, driven by gravity. 323 

This stream persisted for the duration of the experiment. Diffusion of Fe3+ from the 50 mM FeCl3 324 
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solution in the beaker into the frit also resulted in the formation of the dark red colored 325 

Fe[(SCN)(H2O)5]2+ complex in the frit, a process that within one hour nearly penetrated the height 326 

of the porous frit. Note that the diffusion length of Fe3+ in bulk water over 1 h is 2.1Í10–3 m,54 327 

and Fe3+ diffusion through nanoporous frit is expected to be slowed down by no more than one 328 

order of magnitude due to confinement.55 Adsorption of Fe3+ to glass surfaces has been reported,56 329 

but complete surface coverage (1 Í10–6 mol/m2)18 of the frits used for this study (surface area 330 

approximately 7.9 m2) with Fe3+ would result in only 7.9 Í10–6 mol of Fe3+ adsorbed, which is 331 

less than 1% of the Fe3+ contained in the samples. Therefore, Fe3+ adsorption to glass does not 332 

affect the optical assessment of solution flow through the frits. 333 

 A downward stream of color and the Fe3+ penetration into the frit still occurred as the 334 

concentration of FeCl3 in the sample solutions was reduced to 5.0 mM. However, for the 0.5 mM 335 

FeCl3 solution neither a downward stream nor coloring of the frit was observed, and only a faint 336 

coloring of the FeCl3 solution was detected, despite the fact that direct mixing of 0.5 mM FeCl3 337 

with 2.5 M KSCN and 1.0 M KCl in a beaker (i.e., in the absence of a nanoporous frit) still 338 

produces a deeply red colored solution. This is consistent with partial ion screening at the 339 

sample/frit interface, as also indicated by the potentiometric measurements. Notably, no 340 

differences in the Fe3+ penetration depth were observed for the 50 and 5.0 mM FeCl3 solutions as 341 

a result of stirring (see Figures S1–S12), which is fully consistent with the explanation that (i) 342 

solution flow through the frit is extremely slow, (ii) convective transport as the result of stirring 343 

only penetrates a few nanometers into the frit, and (iii) mass transport in the frit is dominated by 344 

diffusion, whether the solution is stirred or not. 345 

 Similarly, the bottom panels of Figure 6 show three separate reference electrodes, each 346 

filled with FeCl3 ranging from 50 to 0.5 mM, exposed to solutions containing 2.5 M KSCN and 347 

1.0 M KCl. With these electrodes, no downward stream of color was seen underneath the frit due 348 

to the lower density of the FeCl3 solutions that are contained in the frits. Diffusion of SCN– into 349 

some of the frits still occurred as the color penetrated into the frits containing 50 mM FeCl3 and, 350 
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to a lesser extent, frits containing 5.0 mM FeCl3. However, frits containing 0.5 mM FeCl3 did not 351 

show any color change, indicating that partial ion screening occurred, as also indicated by the top 352 

panels of Figure 6. In addition, planar diffusion of Fe3+ from frits containing 50 and 5.0 mM FeCl3 353 

into the sample below formed a color that was much less intense than that within the frits. This is 354 

consistent with the expectation, based on ion concentrations and mobilities, that the flux of SCN– 355 

from the sample into the frit is approximately two orders of magnitude larger than the Fe3+ flux 356 

out of the frit into the sample. 357 

 Figure 6 illustrates in a clear manner that porous junctions with low flow rates become 358 

significantly contaminated to a depth of several millimeters within the timescale of only one hour. 359 

This observation should be noted when performing long-term measurements with low flow-rate 360 

electrolyte bridges, and it demonstrates the drawbacks of storing salt bridges in solutions other 361 

than the electrolyte that they contain. Videos and images of this process are also included in the 362 

Supplementary Information, both for stirred and unstirred solutions.  363 

 364 
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 365 

 366 

Figure 6. Top panel: Images of reference electrodes filled with 2.5 M KSCN/1.0 M KCl in 367 

contact with unstirred solutions of FeCl3. Bottom panel: Images of reference electrodes filled 368 

with FeCl3 in contact with unstirred solutions of 2.5 M KSCN/1.0 M KCl. The FeCl3 369 

concentrations and times of immersion of the reference electrodes into the sample solutions are 370 

indicated in the individual panels. 371 

 372 
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CONCLUSIONS 373 

The potentials of reference electrodes with salt bridges contained in nanoporous glass frits 374 

have been shown in this work to depend on the rate with which the sample solutions are stirred. 375 

The convection that results from stirring causes mixing of sample solutions with bridge electrolyte 376 

within a layer of a few nanometers of the porous medium. When the sample is of considerably 377 

lower electrolyte strength than the bridge electrolyte, this convective mixing leads to deviations 378 

from the ideal behavior of salt bridges as it is predicted for a liquid-junction potential. This can be 379 

explained by an increase in the Debye length in the section of the frit that neighbors the sample 380 

solution, resulting in charge screening from the negatively charged frit surface. Reference potential 381 

measurements in solutions with low electrolyte strength (such as, e.g., rain water or water purified 382 

for industrial processing) will be particularly affected by charge screening, making accurate and 383 

reproducible measurements difficult. For example, a 60 mV change in reference potential would 384 

result in an order of magnitude error in the potentiometric measurement of a monovalent ion. 385 

In addition, nanoporous frits through which bridge electrolyte flows with a rate that is 386 

smaller than the diffusion rate of species contained in the sample solution may over a period of 387 

only a few hours become contaminated with sample components and will lose bridge electrolyte 388 

near the interface of the sample and the porous frit. Users of reference electrodes with low flow 389 

rates should be aware that contaminants that have entered the bridge electrolyte can clog the salt 390 

bridge or will be released into samples during subsequent measurements. Moreover, temporary 391 

loss of bridge electrolyte caused by intermittent stirring can result in temporary charge screening 392 

at the frit surface and, therefore, drifts of the reference potential, which is easily misinterpreted as 393 

a slow response of the indicator electrode. 394 

While all experiments presented in this work were performed with nanoporous glass frits, 395 

we anticipate similar effects for other nanoporous frits because materials to which no ions adsorb 396 

are elusive. Hydrophilic ions adsorb to polar materials, hydrophobic ions adsorb onto polymeric 397 
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materials without polar functional groups, and divalent cations such as Ca2+, Mg2+ and many 398 

multivalent heavy metal ions bind to polyethers. To minimize sample-dependent phase boundary 399 

potentials at the salt bridge interface, frit material and pore size may be chosen with a view to the 400 

type of ions that are expected in the sample. Alternatively, as shown in this work, the flow rate of 401 

the bridge electrolyte into the sample must be high enough to avoid convective mass transport of 402 

sample into the frit, e.g., as a result of sample stirring. 403 
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