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Abstract:  At an electrified interface of metal and electrolyte ion concentration in diffuse layer is 

different from the bulk and is impacted by metal charge. The double layer structure can 

significantly enhance local ionic conductivity. Understanding the conductivity enhancement with 

conventional electrochemical measurements is challenging, however electrokinetic experiments 

can be more useful in probing local ionic conductivities. We used streaming current experiments 

for a range of pH values to measure zeta potential at metal-electrolyte interfaces. We extend the 

method by incorporating a three-electrode electrochemical cell where the potential of the metal 

can be varied. By using a range of applied potentials between -200 and 800 mV (vs. standard 

hydrogen electrode) we explored how surface charging of Au electrode affects zeta potential. An 

inflection point is observed on the plot of zeta potential against applied potential and this point is 



believed to be a potential of zero charge of the electrode. Using the Gouy-Chapman-Stern-

Grahame model we correlate measured zeta potential values to metal surface charge and calculate 

ionic distribution and conductivity within the microchannel. Lastly, ionic conductivity is 

calculated as a function of metal surface charge and as expected from Gouy-Chapman theory 

shows a parabolic relationship.  

   

1. Introduction  

Understanding electric double layers (EDLs) 1 at the electrode-electrolyte interface is critical for 

electrocatalysis.  Potential difference across EDL is the driving force for current density in 

Faradaic reactions. Electrochemical characterization methods such as cyclic voltammetry and 

various displacement techniques2,3 provide information about the surface species and redox 

reactions as function of applied potential in various acidic, neutral or alkaline environments. These 

experiments are typically conducted in a three-electrode cell, where the surface of interest acts as 

a working electrode and two other electrodes act as reference and counter. In such a configuration 

the potential of zero charge (pzc) of the electrode of interest (such as Au, Pt, Ir) can be measured 

by observing the sign of the CO-displacement curves, where CO displaces positive or negative 

ions from the surface, and at a point where the current sign reversal happens, this is considered to 

be the pzc4,5. High ionic strength electrolytes are used to ensure that the EDLs are small (Debye 

length is ~10 nm order in 1 mM KCl), and most of the potential drop occurs within a few 

nanometers next to the electrode. In a conventional Gouy-Chapman-Stern theory depicted in 

Figure 1, for an electrolyte with high ionic strength most of the potential difference occurs between 

the metal and the outer Helmholtz plane (OHP), which is the plane of the closes approach of 

solvated ions. 



Electrochemical devices such as polymer electrolyte fuel cells (PEFCs), CO2-reduction reactors, 

water desalination and nitrogen reduction reactors rely on porous electrodes; with electrocatalyst 

buried within micro- or meso-pores6–8. In the confined environment of the pores water may be the 

only ion carrier, which has low ionic strength resulting in thick EDLs. Furthermore, local EDL 

structure under applied potentials is not well understood9. It has been reported that ionic 

conductivity of water in a charged porous matrix may reach 0.001 S/cm10, which is 5 orders of 

magnitude higher than the conductivity of the DI water. The local structure and ionic conductivity 

in the diffuse layer of EDLs cannot be probed with conventional three-electrode electrochemical 

setup because typically high ionic strength electrolyte is used, which masks the effects of local 

conductivity.     

Electrokinetics and streaming-current/potential experiments have been widely used in 

colloidal science to probe the EDLs and the electrokinetic potential of the electrode-electrolyte 

interface. This electrokinetic potential is known as zeta potential, which is generally used to assess 

the colloidal stability in dispersion1,11. The theory was originally developed for colloidal particles 

but later have been applied to flat extended samples12,13. In streaming-current measurements, a 

pressure difference is applied across a capillary or rectangular slit made of the material of interest 

and streaming current, which is current at the slip plane is measured as a function of applied 

pressure. From these measurements Zeta potential can be calculated, which for high concentration 

of electrolyte, is also the potential at the OHP14. Measurements of  Zeta potential for metallic 

surfaces have been challenging due to additional surface conduction15. Using streaming-potentials 

various authors have developed an indirect but complex method to measure Zeta potential for 

metallic surfaces16. The advancement of technology in measuring nano Ampere currents enabled 

the measurements of Zeta potential directly for conductive surfaces using streaming-current 



experiments17–19. For example, Roessler et al20 argued that streaming current experiments on 

titanium sample is a correct way to measure zeta potential, whereas streaming potential 

measurements have to be adjusted to correct for surface conductivity. The method has also been 

extended to measure Zeta potential for ion-conductive membranes, where the surface conductivity 

is also an issue13.   

Streaming current experiments can probe the EDL structure and local ionic conductivity at 

metal-electrolyte interface. These experiments can be particularly helpful when combined with 

standard three-electrode electrochemical set-up to understand the presence of the surface oxides, 

or other adsorbed species. In this study we have developed a design to measure Zeta potential of 

metallic surfaces under externally applied potentials to the electrode surfaces. Zeta potential can 

shed light on the EDLs, whereas three-electrode electrochemical cell can provide data about 

surface chemistry (adsorption, electrochemical reactions etc). Understanding the double layer 

structures at different applied potentials will hopefully help us understand the mechanisms of ion 

transport in water filled electrodes and confinement effects that are relevant for many 

electrochemical applications.  

From electrochemical consideration, cyclic voltammetry experiments give vital 

information about the oxidation states of the elements, surface adsorptions, oxides formation on 

the surface and capacitance of the double layers. In addition, experimental techniques, such as 

electrochemical quartz crystal microbalance21, surface X-ray scattering22,  and electrochemical 

scanning tunneling microscopy 23 can be used to correlate surface charge with surface potentials; 

and theoretical techniques, such as DFT24 to physically model the electrochemical reactions at the 

interface. Atomic force microscopy (AFM) has been used to probe the EDLs of metallic surfaces25 

and it can also be used to model some aspects of the double layer (potentials for example) by fitting 



the force profile with theoretical model26. Previous studies have also attempted to simultaneously 

measure electrokinetic parameters (e.g. Zeta potential) by both streaming potential methods and 

AFM measurements27. To the best of our knowledge, the approach adopted in our study has not 

been used before, and it is a first attempt to combine electrokinetic measurements with a three-

electrode electrochemical cell to probe the EDLs and ionic conductivity at the metal-electrolyte 

interface.  

In this paper, we discuss the EDL theoretical model, the streaming current method to determine 

Zeta potential for conductive surfaces, and the design of the three-electrode electrochemical cell 

incorporated into the electrokinetic set-up. Gold electrodes were chosen due to their 

electrochemical inertness and large stability window. Using Zeta potential measurements under 

applied potentials and a range of pH, we calculate the charge distribution and ionic conductivity 

within the EDLs. Furthermore, we correlate the charge distribution within the electrolyte to the 

electric charge present within the metal.  

        

2. Theoretical model 

2.1. Physics of the Electric Double Layer 

When an electrode surface comes in contact with an electrolyte, ions within the electrolyte 

re-distribute at the electrode-electrolyte interface. The species redistribution at the interface is 

primarily due to dipole reorientation, and also due to charge separation (i.e. electrons in electrode 

and ions in electrolyte). If the surface of the electrode is positively charged (due to either adsorbed 

charge or electric charge) then it will attract negative ions and repel positive ions. In this way, 

layers of charges of alternate polarity will be formed across the interface. Figure 1 is a schematic 



representation of the ion, dipoles and potential distributions according to the Gouy-Chapman-

Stern-Grahame (GCSG) model28–31.   

As shown by Figure 1(a), the layer of charges which is in the closest proximity to the 

electrode surface is called inner Helmholtz plane (IHP). This layer contains two chemical species- 

one, specifically adsorbed ions with partial or no hydration shield; and two, water dipoles aligned 

along the electric field in the area32. With the strong chemical bond, ions in this layer are unable 

to stream with the bulk liquid. Further away from the electrode surface, the strength of the electric 

field and chemical interactions decrease, and ions become mobile. The layer of the mobile ions is 

termed as the outer Helmholtz plane (OHP) or a shear plane. OHP usually contains the solvated 

ions held as a result of Coulombic attraction. The electrostatic potential defined in this layer, 

measured with respect to the potential in the bulk (neutral) electrolyte is called the zeta potential. 

Figure 1 (b) and (c) show a schematic of typical potential and ion distributions at the interface and 

bulk electrolyte. When plotting the potential distribution, a moderate ion specific adsorption is 

assumed.  



 

Figure 1: Schematic presentation of the EDLs according to the GCSG model28–31: (a) Ions 

distribution close to the electrode surface, (b) variation of potential from the electrode(c) 

distribution of ionic fraction outside OHP (for negative Zeta). 

In this work, the region of the diffuse layer up to the OHP is of interest. The well-known Gouy-

Chapman (GC) theory is conceptually sufficient to describe the region outside the OHP, which we 

will use as the basis for the stationary EDL model.  

2.2 Model Equations 

Stationary EDLs: Ion and potential distribution in the diffuse layer  

A stationary EDL model describes ion and potential distributions within the 1D micro-

channel without the flow of electrolyte. Outside of the shear plane, ion distribution is determined 

by electrostatic interactions and thermal fluctuations, which can be modelled by the Poisson-

Boltzmann (PB) equation.  In this section, we present the full solution of the PB equation for our 

system (10-3 M KCl as the electrolyte and 0.01 M HCl and 0.01M NaOH as titrants with a pH 



range of 4-10) The setup was a rectangular planar electrode, as shown in Figure 2(b). The PB 

equations for this geometry can be solved by following Ref1.  

The following approximations were used: 

 The electrode, electrolyte and the reservoir are in equilibrium  

 Zeta potential is taken to be as an input parameter and taken to correspond to outer 

Helmholtz Plane (OHP) at y=0 

 The system is symmetric along x and z direction. Relevant physical quantities vary along 

y direction only 

 No or weak specific ion adsorption present in the system 

The ions in the diffuse layer follow the Boltzmann distribution: 

𝑛௜ሺ𝑦ሻ ൌ 𝑛௜𝑒𝑥𝑝 ቆെ
𝑒𝑧௜𝜓ሺ𝑦ሻ

𝑘஻𝑇
ቇ ሺ1ሻ 

where, 𝜓ሺ𝑦ሻ is the electrostatic potential at location y, measured with respect to the bulk potential 

(here bulk is electroneutral, with 𝜓 ൌ 0,   𝑛௜ሺ𝑦ሻ is the number density of the ith ionic species at y, 

and 𝑘஻ is the Boltzmann constant. is the density of the ith ion in the bulk, and 𝑧௜ is the valency of 

the ith ion. 

The electrolyte contains H+, K+ and Na+ as cations, and Cl- and OH- as anions. At position y, the 

total cationic density: 

𝑛ାሺ𝑦ሻ ൌ  𝑛ுశሺ𝑦ሻ ൅ 𝑛௄శሺ𝑦ሻ ൅ 𝑛ே௔శሺ𝑦ሻ ൌ  ሺሾ𝐾ାሿ ൅ ሾ𝐻ାሿ ൅ ሾ𝑁𝑎ାሿሻ𝑒
ି

௘ట
௞ಳ் ൌ  𝑛ା𝑒

ି
௘ట

௞ಳ் ሺ2ሻ 

where 𝑛ା ൌ ሾ𝐾ାሿ ൅ ሾ𝐻ାሿ ൅ ሾ𝑁𝑎ାሿ  is the total density of the positive ions in the bulk. Similarly, 



𝑛ିሺ𝑦ሻ ൌ  𝑛ைுషሺ𝑦ሻ ൅ 𝑛஼௟షሺ𝑦ሻ ൌ  ሺሾ𝐶𝑙ିሿ ൅ ሾ𝑂𝐻ିሿሻ𝑒
௘ట

௞ಳ் ൌ  𝑛ି 𝑒
௘ట

௞ಳ் 
 ሺ3ሻ 

where 𝑛ି ൌ ሾ𝐶𝑙ିሿ ൅ ሾ𝑂𝐻ିሿ is the total density of the negative ions in the bulk. 

As the bulk is overall electro-neutral, the number density of positive and negative ions should be 

equivalent: 𝑛ା ൌ 𝑛ି ൌ 𝑛଴   

Poisson-Boltzmann distribution for this system is:  

∇ଶ𝜓 ൌ
𝑑ଶ𝜓
𝑑𝑦ଶ ൌ  െ

𝜌ாሺ𝑦ሻ
𝜖௥𝜖଴

ൌ െ
𝑒

𝜖௥𝜖଴
ሺ𝑛ାሺ𝑦ሻ െ 𝑛ିሺ𝑦ሻሻ ൌ െ

𝑒
𝜖௥𝜖଴

ቆ𝑛ା 𝑒
ି

௘టሺ௬ሻ
௞ಳ்  െ 𝑛ି  𝑒

௘టሺ௬ሻ
௞ಳ் ቇ ሺ4ሻ 

where 𝜌ா is thecharge density, 𝜖௥ is the dielectric constant of the solution, 𝜖଴ is the permittivity of 

free space. We can partially integrate this non-linear equation33 to obtain: 

𝑑𝜓
𝑑𝑦

ൌ  ൅ ൬
2 𝑘஻𝑇
𝜖௥𝜖଴

൰
ଵ ଶ⁄

ቆ𝑛ା   ቊ𝑒
ି

௘ట
௞ಳ் െ 1ቋ ൅  𝑛ି  ቊ𝑒

௘ట
௞ಳ் െ 1ቋቇ

ଵ ଶ⁄

 ሺ5ሻ 

For our system, the chemical composition in the bulk is shown by Table 1. 

Table 1. Concentrations of various ionic species present in the electrolyte.  

Chemical species Conc. in acidic medium (M) Conc. in basic medium (M) 

K+ 10-3 10-3 

Cl- 10ିଷ ൅ 10ି୮ୌ 10ିଷ ൅ 10ି௣ு 

H+ 10ି୮ୌ 10ି୮ୌ 

OH- 10-(14-pH) 10-(14-pH) 

Na+ 0 10-(14-pH) 

𝑛ା  10ିଷ ൅ 10ି୮ୌ 10ିଷ ൅ 10ିሺଵସି୮ୌሻ 



𝑛ି 10ିଷ ൅ 10ି୮ୌ 10ିଷ ൅ 10ିሺଵସି୮ୌሻ 

 

Conserving electro-neutrality, we can simplify Eq. (5), 

ௗట

ௗ௬
ൌ  ൅ ቀଶ ௞ಳ்௡బ

ఢೝఢబ
ቁ

ଵ ଶ⁄
൬𝑒

ି ೐ഗ
ೖಳ೅ െ 2 ൅  𝑒

೐ഗ
ೖಳ೅൰

ଵ ଶ⁄

ൌ  െ ቀ଼ ௞ಳ்௡బ

ఢೝఢబ
ቁ

ଵ ଶ⁄
𝑠𝑖𝑛ℎ ቀ ௘ట

ଶ௞ಳ்
ቁ ሺ6ሻ

It must be noted that the sign of the right-hand side of the equation cannot be fixed mathematically, 

as the square root has a sign ambiguity. We have to invoke physical reasoning for the sign. The 

potential in the bulk is taken to be 0. If 𝜁 ൐ 0, then 𝜓 decreases from 𝜓 ൌ 𝜁 at y=0 to 𝜓 =0 in the 

bulk. So,  
ௗట

ௗ௬
൏ 0. For 𝜁 ൐ 0, the opposite reasoning applies. 

This differential equation can be solved exactly to give the results: 

𝑡𝑎𝑛ℎ ቀ ௘ట

ସ௞ಳ்
ቁ ൌ 𝑡𝑎𝑛ℎ ቀ ௘఍

ସ௞ಳ்
ቁ 𝑒

ି ೤
ഊವ    ሺ7ሻ

where ζ stands for Zeta potential and 𝜆஽ ൌ  ቀ
ఢೝ ചబ௞ಳ்

ଶ௘మ௡బ ቁ
భ
మ  is the Debye length. For our system 

(0.001 M KCl), the Debye length is calculated to be 9.72 nm at a room temperature. 

For experiment at room temperature (T=300 K), the simplified equation reads (𝜓 and 𝜁 are in mV): 

𝑡𝑎𝑛ℎ ቀ ట

ଵ଴ଷ.ଶ
ቁ ൌ 𝑡𝑎𝑛ℎ ቀ ఍

ଵ଴ଷ.ଶ
ቁ 𝑒

ି ೤
ഊವ  ሺ8ሻ

It can also be rewritten as: 

𝜓ሺ𝑦ሻ ൌ 51.6 𝑙𝑛 ቌ
𝐶𝑒

௬
ఒವ ൅ 1

𝐶𝑒
௬

ఒವ െ 1
ቍ  ሺ9ሻ 

ψ and 𝜁 are in mV and 𝐶 ൌ 𝑐𝑜𝑡ℎ ቀ ఍

ଵ଴ଷ.ଶ
ቁ 



Substituting Eq. (9) back to Boltzmann Eqs. (2) and (3) one can get the variation of the total 

number density of both cations and anions, as a function of the distance from the electrode: 

𝑛ାሺ𝑦ሻ ൌ 𝑛଴𝑒
ି೐೥ ഗ

ೖಳ೅ ൌ 𝑛଴ ቀ஼௘೤ ഊವ⁄ ିଵ

஼௘೤ ഊವ⁄ ାଵ
ቁ

ଶ

  and 𝑛ିሺ𝑦ሻ ൌ 𝑛଴𝑒
೐೥ ഗ
ೖಳ೅ ൌ 𝑛଴ ቀ஼௘೤ ഊವ⁄ ାଵ

஼௘೤ ഊವ⁄ ିଵ
ቁ

ଶ

                           (10) 

An important corollary of this result is that at OHP, the ratio of cations to anions is: 

𝑛ାሺ0ሻ

𝑛ିሺ0ሻ
ൌ  𝑒

ି
ଶ௘௭ ఍
௞ಳ்   ሺ11ሻ 

where for negative 𝜁, there will be more cations at OHP and for positive 𝜁, there will be more 

anions. 

Calculating the metal charge from the zeta potential 

Gold electrode was used because it’s known to be electrochemically inert in the range of 

applied voltage and pH range of the solution used.  There have been prior studies which indicated 

that towards the higher end of the given potential range and the given concentration, a small 

amount of chloride adsorption is possible,34 but we have not found any adsorption peak from the 

cyclic voltammetry studies, as will be shown in later sections.   

By assuming negligible specific adsorption in the IHP the excess charge of the diffuse layer 

has to be balanced by the charge on the metal surface. For a planar electrode of surface area A, 

from electro-neutrality: 

𝐴𝜎଴ ൅  𝐴 න 𝜌ாሺ𝑦ሻ𝑑𝑦
ஶ

ைு௉
ൌ 0  ሺ12ሻ 

where ∞ means the bulk (far from the Debye distance of the diffuse layer), and 𝜎଴ indicates the 

charge density on the electrode surface. In the above equation, we have already used the fact that 



there is no charge in the IHP. The drop of potential from the surface of the electrode to the OHP 

(Zeta potential plane) is due to the water dipoles and the OHP charges. The fact that adsorbed 

dipoles can cause a significant drop in the potential is discussed in Ref32.  

 We can rewrite the equation, using Poisson’s equation, 

 

𝜎଴ ൌ െ න 𝜌ாሺ𝑦ሻ𝑑𝑦
ஶ

ைு௉
ൌ 𝜖௥𝜖଴  න

𝑑ଶ𝜓
𝑑𝑦ଶ

ஶ

ைு௉
𝑑𝑦 ൌ  𝜖௥𝜖଴  

𝑑𝜓
𝑑𝑦

൨
ைு௉

ஶ

ൌ െ𝜖௥𝜖଴
𝑑𝜓
𝑑𝑦

൨
௬ୀ଴

 ሺ13ሻ 

y = 0 has been defined to be the OHP. Now using Eq. (2), and substituting 𝜓ሺ0ሻ ൌ 𝜁, 

𝜎଴ ൌ 𝜖௥𝜖଴  ቆ
8 𝑘஻𝑇𝑛଴

𝜖௥𝜖଴
ቇ

ଵ ଶ⁄

𝑠𝑖𝑛ℎ ൬
𝑒𝜁

2𝑘஻𝑇
൰ ൌ   ሺ8 𝑘஻𝑇𝜖௥𝜖଴ 𝑛଴ሻ

ଵ
ଶ 𝑠𝑖𝑛ℎ ൬

𝑒𝜁
2𝑘஻𝑇

൰ ሺ14ሻ 

In the case of no adsorption, we can calculate the surface charge density on the electrode, from the 

knowledge of the Zeta potential. We insert the values of all the constants to get: 

𝜎଴ ൌ  11.74 ሺ𝑛଴ሻ
ଵ
ଶ  sinh ൬

𝜁
52

൰ 𝜇𝐶 𝑐𝑚ଶ⁄   ሺ15ሻ 

where  𝜁 is in mV. 𝜁 depends on pH and the applied potential on the electrode. 𝑛଴ is in mol/L. The 

above equation can be rewritten in a form, which will be convenient for future use: 

𝜎଴ ൌ  11.74 ሺ10ିଷ ൅ 10ି௣ுሻ
ଵ
ଶ  sinhൣ0.02 𝜁൫𝑝𝐻, 𝑉௔௣௣൯൧ ሺ17ሻ 

in 𝜇𝐶/𝑐𝑚ଶ for acidic medium, while for basic medium, the formula reduces to:          

𝜎଴ ൌ  11.74 ൫10ିଷ ൅ 10ିሺଵସି௣ுሻ൯
ଵ
ଶ  sinhൣ0.02 𝜁൫𝑝𝐻, 𝑉௔௣௣൯൧ ሺ18ሻ 

 



Electrical conductivity of the double layer 

From the knowledge of Zeta potential and hence the ion distribution, one can also predict the 

conductivity of the double layer. In general, the current density in a solution can be decomposed 

into the following parts35: 

𝚥 ൌ  െ𝐹ଶ∇ሬሬ⃗ 𝑉 ෍ 𝑧௜
ଶ𝑢௜𝑐௜

௜

െ 𝐹 ෍ 𝑧௜𝐷௜∇ሬሬ⃗ 𝑐௜

௜

൅ 𝐹𝑣⃗  ෍ 𝑧௜𝑐௜

௜

   ሺ19ሻ 

The first term is migration, the second term is diffusion and the third term describes convection. F 

is the Faraday constant (𝑁஺𝑒 ൎ 96500 𝐶/𝑚𝑜𝑙ሻ, 𝑁஺ is the Avogadro number, 𝑢௜ is the mobility of 

the ith ion, 𝐷௜ is the self-diffusion coefficient for ith ion (𝐷௜ ൌ 𝑅𝑇𝑢௜ሻ, 𝑐௜ is the concentration 

(measured in mol/cm3) of the ith ion, 𝑣⃗ is the convective velocity, and V is the electrostatic 

potential.  

If the solution is electro-neutral overall, the last term= ∑ 𝑧௜𝑐௜௜ ൌ 0. But here for the control volume 

of interest, the overall electroneutrality within the electrolyte within the channel does not hold. 

The extra charges are balanced by the charges on the electrode, as seen by the Eq. (14).  

In general, when an external electric field is applied inside a micro-channel, two types of 

ionic velocities arise: migratory and electro-osmotic (convection term). It has been widely 

discussed that the two velocities are of the same order of magnitude36,37. But for the current density, 

the electro-osmotic velocity must be multiplied with ∑ 𝑧௜𝑐௜௜  , where the migratory velocity must 

be multiplied by ∑ 𝑧௜
ଶ𝑢௜𝑐௜௜ . In the latter case, as 𝑧௜

ଶ is positive, the contributions from all the ions 

add up. As a result, the contribution from migration is much more dominant than the contribution 

from convection. So, the 3rd term can be neglected, while calculating the ionic conductivity.     



Due to ions distribution within the channel, there is corresponding potential distribution across the 

channel. If electric field is applied along the x direction, then 𝑉ሺ𝑥, 𝑦, 𝑧ሻ ൌ  𝑉଴ െ 𝐸𝑥 ൅ 𝜓ሺ𝑦ሻ   . 𝑉଴ 

is an arbitrary constant related to the reference potential. E is the constant electric field applied 

externally.  

The current density along y is 0 as can be easily seen from the following argument. As the system 

is symmetric along x and z directions, the ion densities only vary along y: 

𝑗௬ ൌ  െ𝐹ଶ 𝑑𝜓ሺ𝑦ሻ
𝑑𝑦

෍ 𝑧௜
ଶ𝑢௜𝑐௜

௜

െ 𝐹 ෍ 𝑧௜𝐷௜
𝑑𝑐௜ሺ𝑦ሻ

𝑑𝑦
௜

ൌ  െ𝐹 ෍ 𝑧௜𝑐௜ሺ𝑦ሻ𝐷௜

௜

ቈ
𝐹𝑧௜

𝑅𝑇
𝑑𝜓ሺ𝑦ሻ

𝑑𝑦
൅ 

1
𝑐௜ሺ𝑦ሻ

𝑑𝑐௜ሺ𝑦ሻ
𝑑𝑦

቉ ሺ20ሻ 

Where we have used the Einstein relationship:  𝐷௜ ൌ 𝑅𝑇𝑢௜. Now, using the facts that 𝐹 ൌ 𝑁஺𝑒, 

𝑅 ൌ 𝑁஺𝑘஻ , and  
ଵ

௖೔ሺ௬ሻ

ௗ௖೔ሺ௬ሻ

ௗ௬
ൌ ଵ

௡೔ሺ௬ሻ

ௗ௡೔ሺ௬ሻ

ௗ௬
ൌ  ௗሼ୪୬ ௡೔ሺ௬ሻሽ

ௗ௬
, the y component of the current becomes: 

𝑗௬ ൌ െ𝐹𝑘஻𝑇 ෍ 𝑧௜𝑐௜ሺ𝑦ሻ𝐷௜

௜

𝑑
𝑑𝑦

ሾ𝑧௜𝑒 𝜓ሺ𝑦ሻ ൅ 𝑘஻𝑇 ln 𝑛௜ሺ𝑦ሻ ሿ ൌ  െ𝐹𝑘஻𝑇 ෍ 𝑧௜𝑐௜ሺ𝑦ሻ𝐷௜

௜

𝑑
𝑑𝑦

 𝜇పഥ ሺ𝑦ሻ ൌ 0 ሺ21ሻ

 
 

Where 𝜇పഥ ሺ𝑦ሻ is the net electrochemical potential at y, and for local equilibrium to exist, it should 

be constant throughout the solution. As a matter of fact, this argument leads to the so-called 

Poisson-Boltzmann distribution, which is already used here to model the static EDLs.  

The current density along Z direction is trivially 0, as it is a direction of symmetry. But the current 

density along the X direction is non-zero, as a constant electric field E is present. A notation similar 

to Ohm’s law can be adopted:  

𝚥 ൌ 𝑗௫𝑥ො ൌ 𝐹ଶ ∑ 𝑧௜
ଶ𝑢௜𝑐௜௜ 𝐸𝑥ො ൌ  𝜅𝐸𝑥ො     where  𝜅 ൌ  𝐹ଶ ∑ 𝑧௜

ଶ𝑢௜𝑐௜௜  = electrolytic conductance. 

From Boltzmann distribution: : 𝑛௜ሺ𝑦ሻ ൌ ሾ𝑛௜ሿ𝑒𝑥𝑝 ቀെ ௘௭೔టሺ௬ሻ

௞ಳ்
ቁ    ⇒∶  𝑐௜ሺ𝑦ሻ ൌ 𝑐௜

଴𝑒𝑥𝑝 ቀെ ௘௭೔టሺ௬ሻ

௞ಳ்
ቁ  



where, 𝑐௜
଴ is the concentration of ions in the bulk. The conductance can be expressed as: 

𝜅ሺ𝑦ሻ ൌ 𝐹ଶ ෍ 𝑧௜
ଶ𝑢௜𝑐௜
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Anionic and the cationic parts can be separated as: 

𝜅ሺ𝑦ሻ ൌ
𝐹ଶ

𝑅𝑇
𝑒

ି
௘ట
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଴ ൅ 𝐷ே௔శ𝑐ே௔శ

଴ ൅  𝐷ுశ𝑐ுశ
଴ ൯ ൅  

𝐹ଶ

𝑅𝑇
𝑒

௘ట
௞ಳ்ሺ𝐷ைுష𝑐ைுష

଴ ൅  𝐷஼௟ష𝑐஼௟ష
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Table 2 reports the values of bulk ion concentrations and diffusion coefficients that are substituted 

into Eq. 23 to calculate ionic conductivity. 

 

Table 2. Diffusion coefficients and bulk concentrations for the ions present in the system. 

Ions 𝒄𝒊
𝟎 (mol/l) 𝒄𝒊

𝟎 (mol/cm3) 𝑫𝒊 x105 cm2/s 

H+ 10-pH 10-(pH+3) 9.312 

OH- 10-(14- pH) 10-(17-pH) 5.26 

K+ 10-3 10-6 1.957 

Cl- 10-3 + 10-pH 10-6+10-(pH+3) 2.032 

Na+ 10-(14- pH) 10-(17-pH) 1.334 

  

Note that the values of diffusion constants depend on concentrations of the electrolytes. In dilute 

solutions values at infinite dilution were taken from literature. All the values are put into Eq. (9), 

and the variation of conductivity with the distance is expressed as: 
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Where the first term is the cationic contribution and the second term is anionic contribution. The 

conductivity 𝜅, expressed this way, is measured in S/cm, and 𝜁 is in mV. Using this equation, one 

can plot the variation of 𝜅(y) for different values of 𝜁൫𝑝𝐻, 𝑉௔௣௣൯ and pH. 

 

Model incorporating fluid flow: Streaming current and Zeta potential 

The model is based on a rectangular micro-channel, shown by Figure 2. To measure zeta potential 

for flat surfaces one can use Helmholtz-Smoluchowski equation12. As evident from Figure 2(a), a 

pressure difference is set up across a micro-channel containing the samples for which Zeta 

potential is to be measured. The amount of streaming current flowing through the channel is 

proportional to the pressure difference as well as the Zeta potential of the surfaces. 

 



 

Figure 2: Pressure induced flow and streaming current: (a) Schematic representation (b) Showing 

the 3D diagram of the electrodes and the channel.  

 The Navier-Stokes equation for incompressible flow can be written as: 

𝜌 ቆ
𝜕𝑣⃗
𝜕𝑡

൅ ൫𝑣⃗. 𝛻ሬ⃗ ൯𝑣⃗ቇ ൌ െ𝛻ሬ⃗ 𝑃 ൅ 𝜂𝛻ଶ𝑣⃗ ൅ 𝜌ா𝐸ሬ⃗  ሺ25ሻ 

Where, vሬ⃗   is local velocity of the fluid, P is pressure,  η is the dynamic viscosity of the liquid, ρ is 

density of the liquid.  

Model Assumptions:  

The Navier-Stokes equations, for rectangular planar geometry has been solved before with the 

assumptions stated below38. The major assumptions used in this study are: 

1) Symmetry along X and Z directions make the inertial term  ρ൫vሬ⃗ . ∇ሬሬ⃗ ൯vሬ⃗ ൌ 0.  

2) For the system we are considering, ρ ቚப୴ሬሬ⃗

ப୲
ቚ ≪≪  η∇ଶvሬ⃗    

3) The effect of surface conduction can be avoided for correct measurement of Zeta potential. 

4) The effect of the electrostatic force term 𝜌ா𝐸ሬ⃗  , which is along y direction, is negligible. 



These approximations 1, 2 and 4 are justified in the Supplementary Material (SM) (a); and the 3rd 

approximation is shown to be valid in SM (c). After applying the assumptions Eq. (25) simplifies 

to:  

െ𝛻ሬ⃗ 𝑃 ൅ 𝜂𝛻ଶ𝑣⃗ ൌ 0 ሺ26ሻ 

As discussed before, because of the symmetry of the system along x and z direction, the local 

velocity only depends on y. Written explicitly in terms of Cartesian co-ordinates: 

െ
𝑑𝑃
𝑑𝑥

൅ 𝜂
𝑑ଶ𝑣௫

𝑑𝑦ଶ ൌ 0 ሺ27ሻ 

With the boundary conditions: vx = 0 at y = 0 and y = 2c (locations of the OHP), the solution reads: 

𝑣௫ሺ𝑦ሻ ൌ  
1

2𝜂
𝑑𝑃
𝑑𝑥

𝑦ሺ𝑦 െ 2𝑐ሻ  ሺ28ሻ 

Note that the velocity is opposite to the direction of 
ୢ୔

ୢ୶
 within the range 0 ൑ y ൑ 2c which is 

consistent. From here, we can calculate the total streaming current (Iୱሻ by: 

𝐼௦ ൌ න 𝜌ாሺ𝑦ሻ𝑣௫ሺ𝑦ሻ𝑑𝐴
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𝑑𝑥
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ଶ௖

଴
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Integrating the system by parts, with the boundary conditions:  

  𝜓ሺ𝑦 ൌ 0ሻ ൌ 𝜓ሺ𝑦 ൌ 2𝑐ሻ ൌ 𝜁, 𝜓ሺ𝑦 ൌ 𝑐ሻ ൌ 0, ௗట

ௗ௬
ൌ 0 𝑎𝑡 𝑦 ൌ 𝑐 

and assuming that 𝜁 ≫  ଵ

௖
׬ 𝜓ሺ𝑦ሻ𝑑𝑦

௖
଴  as potential drops very quickly away from the OHP39. 

The final expression for the streaming current is: 
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𝜖௥𝜖଴

𝜂
𝑊𝑑

𝑃
𝐿
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𝜼

𝝐𝒓𝝐𝟎

𝑳
𝑨

 
𝑰𝒔

𝑷
  ሺ30ሻ 



where, A is the electrode surface area and for planar electrodes is defined as width times depth: A 

= Wd. Note the assumption of no surface conduction. If surface conduction happens, the measured 

current will be less than the actual current and zeta potential will be under-estimated. The SM 

sections (c) and (d) show how the situation changes when the surface conduction becomes relevant 

and how to avoid the part of the data to get the correct estimate of zeta potential.   

Furthermore, to reduce the possible errors, we collect the data for more than one pressure value 

and compute the Zeta potential from the slope of streaming current versus applied pressure: 

𝜻 ൌ  
𝜼

𝝐𝒓𝝐𝟎

𝑳
𝑨

 
𝒅𝑰𝒔

𝒅𝑷
  ሺ31ሻ 

This equation suggests that the streaming current versus pressure curve should be linear, at least 

at high pressure and in the absence of any surface conduction that might be caused by the Faradaic 

reactions at the electrode-electrolyte interface. The data for electrically conductive samples should 

be carefully studied to ensure that these parasitic reactions are minimal and do not affect the slope 

and zeta potential. SM(c) contains samples of experimental data with data affected by these 

externalities.  

3. Experimental Section 

3.1 Standalone Measurement of Zeta Potential 

Figure 3 shows the experimental apparatus used in this study. To measure zeta potential of the 

samples SurPASS Electrokinetic Analyzer 2.0 (Anton Paar, Graz, Austria) was used. The 

instrument consists of five main components: an external electrolyte container, a pair of pH 

titration electrolytes (an acid and an alkali), a pair of pressure controllers; and as Figure 3 shows, 

a measuring cell which contains the micro-channel, and a pair of pressure and electrode sensors. 



The streaming current/potential is measured by the reference electrodes. Ag/AgCl electrodes are 

used for their fast kinetics and due to stability in near neutral pH electrolytes. 

 

Figure 3: Experimental setup: (a) schematic representation and (b) a photograph of the cell and 

system components. 

The instrument can measure current within the range of േ2 mA, and is calibrated to 

measure nA range currents, as streaming currents are known to be in the nA range. For example, 

the highest streaming current we obtained was less than 100 nA. The instrument’s working pH 

range is 2 to 12. The working temperature range is 20o to 40o C. We have selected the pH range of 

4-10 and 25oC to ensure stability of the experiment. The cell requires the samples to be cut into 

dimensions of 20 mm x 10 mm. During the experiment, the gap between the two samples (or the 

gap of the micro-channel) is kept at 100 µm, which is calibrated with the total measured pressure 

difference across the channel. As pH titrants 0.01 M HCl and NaOH were used, to ensure small 

pH changes during titration. The baseline electrolyte used was 1 mM KCl.  



The important experimental steps are described here. First, the cell is cleaned with ASTM 

I grade deionized (DI) water. Then the samples are mounted onto the sample holders and inserted 

into the micro-channel (shown in Figure 3). The combined channel-hose system is rinsed with 1 

mM KCl solution at 400 mbar pressure for 150 seconds. This procedure is to make sure that the 

air bubbles between the samples get removed. At the same time, the gap between the samples is 

adjusted to be 100 μm. After this, the actual experimental measurements start. The pH range is set, 

and the software is pre-programmed to measure zeta potentials for different pH values. For every 

pH, four experiments are conducted: two of them with the electrolyte flowing in one direction, and 

the other two with the electrolyte flowing in the opposite direction. The change of flow direction 

is to ensure that the samples are mounted symmetrically from both sides. For each of the 

measurements, the pressure is ramped from 0 to 300 mbar and streaming current is measured for 

each pressure value. As described in the theory section, zeta potential is calculated from the slope 

of streaming current vs pressure curve. For each pH four zeta values are averaged to get mean zeta 

potential for a certain pH. 

3.2 Measurement of Zeta Potential within the Electrochemical Cell. 

To enable measurements of zeta potential of the electrode at applied potentials we developed 

an electrochemical cell with a three-electrode configuration. Figure 4 shows the schematic and 

photograph of the electrochemical cell set-up. For this set-up we had electrode surface (here Au) 

as working electrode (WE), which was the same as that in the previous section. The reference 

electrode was Ag/AgCl (Pine Instrument Company, Grove City, PA, USA) introduced into the 

tubing upstream of the flow of electrolyte and the counter electrode was a Pt wire.   

Using Ag/AgCl instead of a reversible hydrogen electrode (RHE) served one important 

purpose- no extra potential difference develops between the reference and the SurPASS 2.0 



electrodes (Ag/AgCl electrodes are used as SurPASS 2.0 current sensors). We placed the reference 

electrode close to the WE to minimize the Ohmic drop through the electrolyte. Ag/AgCl outer 

diameter is 3.5 mm which made it possible to insert it into the electrolyte stream with minimal 

intrusion.  

 

Figure 4: Modified experimental setup with electrochemical cell containing three-electrodes (a) 

schematic representation, (b) photograph of the actual cell, (c) the modified samples holder with 

the sample, and (d) The schematic modified sample holder setup  

As is evident from the original setup, it is not possible to connect the samples mounted 

inside the measuring cell to an external circuit. To integrate the sample with external circuit, the 

sample holder was redesigned as shown by Figure 4(c) and 4(d) to connect an electric wire to the 

WE. Then a copper wire connected the sample to the working electrode clip of the potentiostat 

(Gamry Instruments Inc, Warminster, PA, USA). Thus, the working electrode was electrically 

connected to the potentiostat (Gamry 1010E). 



The experimental procedure of data collection was almost identical to the method described 

in the standalone measurement of zeta potential section, the only difference in this case was the 

electrodes were held at certain applied potentials. Chronoamperometry experiment was used to 

apply constant potential. The potentials on the WE were varied from -0.4 V to 0.6 V, at an interval 

of 0.2 V, with respect to Ag/AgCl electrode. For each fixed potential, the measurement of Zeta 

potential was done for the pH range of 4-10. The following experimental parameters were set: 

electrode surface area of 10 mm x 20 mm = 2 cm2; sampling period (gap between two successive 

measurements of current) = 0.1 s; maximum current of 0.3 mA. Then the measurements were 

collected for each applied potential.  

3.1. Samples and Preparation Procedure 

Au and Ni samples were prepared by sputtering method using NSC Sputter 3000 (Nano-Mater Inc, 

Austin, TX, USA) machine to deposit Au or Ni onto a thin Kapton film. 300 nm thick layers were 

deposited by controlling the time of deposition. The deposition of Au and Ni was carried at 7.8 

A/s at a power of 150 W. The base pressure of the deposition chamber was 4x10ିହ Torr. For the 

electrochemical cell Au was sputtered onto a thin film of Cu to ensure good electric conduction 

between the Au sample and the electrode lead. Pt sample was fabricated by depositing thin-film of 

Pt onto a 4’’ diameter Si wafer by atomic layer deposition (ALD). First, 100 cycles of 10 nm thick 

aluminum oxide (Al2O3) was deposited onto a Si wafer to improve Pt adhesion, followed by 500 

cycles of Pt, resulting in 20 nm thick film.   

4. Results and discussion 

The results section is divided into standalone measurements of Zeta potential for various 

metallic electrodes and for Zeta potential measurements as a function of applied potentials for Au 



electrodes. As mentioned in the previous section, we ran the experiments measuring Zeta potential 

for several materials, but only for Au, we measured Zeta potential under various applied potentials 

on the surface of the electrodes. We have varied the applied potential from -200 to 800 mV vs SHE 

and Au is known to be electrochemically inert in this range40.  

The general observation of decreasing zeta potential with increase of pH has been previously 

observed41. The common interpretation is the accumulation of more cations at the OHP, as is 

evident from Eq. (11). The complex surface chemistry involved here is beyond the scope of this 

paper. Instead, the knowledge of Zeta potential under various conditions is used to get quantitative 

information on some important characteristics like charge on the electrode surface and ionic 

conductivity within the EDLs. 

4.2. Standalone measurement of Zeta potential 

Figure 5 shows the comparison of zeta potential measurements of Au sample across the pH 

range of 4-10. In Figure 5(a), the original set-up measurements of Au deposited on Kapton were 

almost identical for experiment performed at Tufts University and that at Penn State University in 

different experiments, indicating the set-up reproducibility and insensitivity to the user handing. 

We observed some deviation with the data obtained with the modified setup, perhaps because in 

this case, Au was sputtered onto Cu to make them electrically connectable to an external 

potentiostat. In Figure 5(b), the data was compared with the data for Au nano-particles42, and the 

data obtained for planar Au surfaces by Giesbers et al27 and Gallardo-Moreno et al17. Zeta potential 

of gold nano-particles was measured by dynamic light scattering method. The nano-particles were 

synthesized by electrodeposition on porous anodic alumina templates43. Particles were 

approximately 250 nm in diameter and 6 µm long. The electrolyte used was 1 mM NaCl, which is 

similar to our 1mM KCl. Gallardo-Moreno et al17 used a gold plate with the streaming current 



method. Giesbers et al27 used streaming potential method which gives rise to erroneous values of 

zeta potential if not corrected for the surface conduction12. Both previous studies used the same 

electrolyte (1 mM KCl) as used in this study. In this set-up, zeta potential monotonically decreases 

from -5 mV at pH of 4 to -70 mV at pH of 10. All the values of zeta potential were negative in this 

pH range. The literature data on the nano-rods also showed decreasing trend but from -35 mV at 

pH of 4 to -45 mV at pH of 10. The two methods of surface preparation are not identical, and also 

it is well known that zeta potential depends on the surface geometry1. These factors result in the 

observed differences, but the overall trend is similar. The authors in Ref27 note that there are no 

redox reactions present on Au surface within the system of interest (given the electrolyte is N2 

purged) to promote electronic current. The change in zeta potential with pH indicates that H+ and 

OH- participate in the surface charging. Furthermore, negative zeta potential indicates the presence 

of more cations close to the OHP. With the increase in pH zeta potential becomes even more 

negative, first leveling off between pH 7 and 9 and then decreasing again above pH 9, suggesting 

that OH- forms an oxide layer on the surface of Au, and with increase in OH- with pH this layer 

becomes close to a monolayer. This oxide layer has dipole charge attracting H+ to the OHP, 

decreasing zeta potential values with pH. 

                                  



                                      

Figure 5: Zeta potential vs pH (a) for original and modified setups and (b) comparison against the 

published literature data. 

Zeta potential values for planar samples of Ni (nickel) and Pt (platinum) with the values 

found in literature as shown by Figure 6. There is limited literature data of zeta potential as a 

function of pH for planar metal surfaces12. Most of the previous studies used Au as a planar surface 

due to its inertness in the pH range40. The values of zeta potential of Ni powder have been taken 

from Ref 44. The authors have used Ni (INCO T-110, Canada) with a mean particle size of 2.5 µm, 

a surface area of 1 m2/g and a density of 8.81 g/cm3. The values of Zeta potential for Pt nano-

particles were taken from Ref45. The authors produced Pt nano-particles by pulsed laser ablation 

in liquid of a Pt target. These laser-generated nano-particles had diameters ranging in 3-5 nm.  

For both metals, one can see the decrease of Zeta potential with increase of pH. In Ref 45, 

the authors used the pH range from 1 to 5, while our measurements start at pH 4 (Figure 6a). The 

sharp drop of zeta potential in the pH range of 4-10 is a significant feature of Pt surface. The drop 

is also present in case of Pt nano-particles. Again, this can be attributed to oxide formation on the 

surface of the metals. For both Ni powder as well as Ni surface, one important characteristic is the 

near-flat behavior of Zeta potential in the pH range of 5-9, indicating that the OHP of the Ni surface 

has been saturated by ions, and increasing pH does not create any difference (Figure 6b).     



             

Figure 6: Zeta potential vs pH, with comparison between (a) Pt surface and particles from Ref45 

and (b) Ni surface and particles, Ref44. 

4.3. Measurement of Zeta potential for various electrode applied potentials 

Figure 7 shows measured zeta potential for Au electrodes as a function of pH, while the 

electrodes were held at fixed potentials of -0.4 V, -0.2 V, 0.2 V, 0.4 V and 0.6 V with respect to 

Ag/AgCl (sat) reference electrode. The conversion between the potential measured with respect to 

an SHE and that measured with respect to an Ag/AgCl electrode is given by: 𝐸ௌுா ൌ  𝐸஺௚/஺௚஼௟ ൅

197  ሺ𝑚𝑉ሻ. As pH increases zeta potential values decrease for most of the cases studied here. 

Mostly, for high applied potentials the values of zeta shifted upward indicating higher abundance 

of negative ions close to the OHP. Essentially, with applied positive potential Au acquires positive 

charge, as the potentials used here are above the pzc of Au46–48. With the positive applied potential, 

the oxides and adsorbed OH- are still present on the surface at high pH but they don’t completely 

shield the potential field and OHP gets populated with negative ions. On the other hand, with 

negative applied potentials and with 0 mV (both below pzc of Au), Au acquires negative charge, 

negative ions and water still adsorb on the surface, and more protons are present at the OHP to 



shield the negative charge on the metal electrode and that introduced by adsorbed dipoles and OH-

.  

                                              

Figure 7: Zeta potential of Au under various applied potentials (with respect to Ag/AgCl)   

To understand how applied potential affects zeta potential for a given pH, we plot zeta 

potential as a function applied potential for three values of pH. Figure 8 shows these plots for 

applied potentials on the SHE (Figure 8a) and RHE (Figure 8b) scales. We used the conversion 

scheme from SHE to RHE to be: 𝐸ோுா ൌ 𝐸ௌுா ൅ 59 ∗ 𝑝𝐻 ሺ𝑚𝑉ሻ. On the SHE scale, an inflection 

point is observed at approximately 300 mV, where Zeta potential increases to higher values. This 

trend is observed for all three pH values. Again, at a pH of 9, and at applied potentials below 300 

mV (vs SHE) Au will be negatively charged, and oxide layer or high degree of coverage of OH- 

on the Au surface is present. This renders Zeta potential to be negative between -20 and -40 mV, 

which is indicative of high concentration of protons at the OHP. For pH 6.5 and for the same 

applied potentials Au is also negatively charged but smaller ion adsorption occurs due to lower 

availability of OH-. Lastly, for pH of 4 we see a small positive Zeta potential values indicative that 

the OHP has balanced H+ and OH- concentrations. For applied potentials above 300 mV (vs SHE) 



Zeta potential acquires positive values. At these applied potentials Au is positively charged, and 

negative ions adsorb on the surface and also are present in the OHP to shield the electric field. At 

pH 9 more hydroxide ions are present and more are adsorbed on the surface and less are present 

in the OHP, hence the lower Zeta potential values. All three data sets show an inflection point at 

300 mV. To understand this inflection point we translate Zeta potential values into surface charge 

values using GC theory.  

 

Figure 8: Variation of the Zeta potential of Au with the applied potential on electrode: (a) with 

respect to SHE, and (b) with respect to RHE. 

With the help of Eqs. (17) and (18), we calculate the charge density on the surface of the 

electrode. Note that these calculations do not include any possible partial charge transfer in the 

adsorption of OH-. Figure 9 plots the metal charge density on the electrode surface as a function 

of pH for applied electrode potentials, measured with respect to Ag/AgCl. Comparing Figure 9 to 

Figure 7 one can observe direct translation of Zeta potential into surface charge. The trends look 

very similar, with positive Zeta potential translating into Au positive surface charge. Since Zeta 

potential values are relatively small, the “sinh” function in Eqs. (17) and (18) can be shown to be 



linear in this small Zeta potential values. Therefore, 𝜎଴ is directly proportional to Zeta potential 

when Zeta is small. 

 

Figure 9. Surface charge density as a function of pH, for applied potentials (vs Ag/AgCl) on Au 

electrode. 

Similarly, we plot surface charge density on Au as a function of applied potential on Au 

electrode vs SHE. Once again, surface charge density and Zeta potential trends from Figure 8 are 

similar due to linear behavior of the hyperbolic sine function at small Zeta potential values. Ideally, 

in the absence of specific adsorption, the charging behavior is expected to be monotonic with 

respect to the applied potential due to the capacitive effect. However, here at high applied 

potentials surface charge becomes positive, whereas at potentials <300 mV surface charge on Au 

is negative for most of the applied potentials and pH values. The pzc of Au has a significant scatter 

in literature values47,49,50. Our results indicate that the pzc is somewhere around the inflection point 

of 300 mV on the SHE.  



 

Figure 10. Charge density on the electrode surface as a function of applied potential, at pH 4, 6.5 

and 9 (a) with respect to SHE and (b) with respect to RHE. 

From the extensive review by Hamelin et al.51, Au pzc has a complex dependency on the Au crystal 

structure, types of ions in the electrolyte, pH and concentration. It can be concluded that the Au 

pzc lies between 200-500 mV with respect to the SHE. Previous studies relied on the 

thermodynamic methods like electrocapillarity (surface tension and contact angles)52,53, 

mechanical methods such as erosion rate54, scraping methods48, methods based on double layer 

capacitance measured by using cyclic voltammetry (CV)47, AFM25,55 or ultra-high vacuum work-

force measurements56. There have been two potential of zero charge terminologies in the literature- 

potential of zero free charge and potential of zero total charge3. In absence of adsorption, these are 

equal. The choice of electrolyte in this study (1 mM KCl) dictates the presence of adsorption of 

Cl- ions, as has been shown to be the case in many studies4,5. From the iR corrected CV experiments 

in the same solution (1 mM KCl), we didn’t find any effect of specific adsorption of Cl- ions on 

the surface.  Therefore, from GCSG theory, we concluded that the charge on the surface of the 

electrode will balance the charge in the diffuse layer. 



Electrochemical charging of gold surface (both 111 single crystal and polycrystalline) has been 

studied by Climent et al using the laser induced potential transient method6. From the current 

transient analysis of Au(111) in 0.1 M H2SO4, they found a reversal in surface charge at an applied 

potential higher than the known potential of zero charge of Au(111). They argued that this effect 

is due to the adsorption of SO4
2- on the surface at higher potentials, indicating that it’s difficult to 

separate the effect of adsorption from the free charges of the metal. The decreasing value of surface 

charge at potentials higher than pzc observed by us (Figure 10) is perhaps due to the adsorption of 

Cl- anions on the surface. Hence, the electrokinetic method of determination of surface charge 

gives information of the total charge on the surface, not the free charge. A more elaborate study of 

the questions pertaining the effect of electrolyte will be discussed in the follow-up paper. From 

Figure 10, we also see that the pzc lies between 200-400 mV, but it depends on the pH, as seen by 

Figure 10b.  

Ionic conductivity within the EDLs 

One of the advantages of the electrokinetic method is its ability to measure the ionic 

conductivity. Figure 13 shows ionic conductivity as a function of position ‘y’ away from the 

electrode, where y/λ = 0 is the slip plane and y/λ = 3 is position away from the slip plane. In the 

SM Section E, we show that the knowledge of zeta potential fully determines the distribution of 

ions at the and outside the OHP. The conductivity in the EDL is the highest at the slip plane and 

drops as one moves away from it. Using Eq. (23), we plot the variation of conductivity from the 

OHP, for 4 different pH and Zeta potentials, as shown by Figure 11.  

We chose the pH and zeta potentials in such a way that the ionic conductivity curves show 

two distinct trends: fast fall-off and slow fall-off away from the surface. Figure 11 shows that in 

total, the conductivity varies from 1.5x10-4 S/cm to 4x10-4 S/cm. As Eq. (23) is a complex function 



of ζ and pH, rather than explaining all the curves, let’s focus on the pH of 4.5 and pH of 8, which 

represent Zeta potential of almost equal magnitude (35 and -40 mV, respectively), but different 

sign and pH values. The conductivities are almost similar. This is expected from the ion 

distribution shown in Section E of the SM. Having zeta of similar magnitude will attract almost 

the same number of ions in the diffuse layer; but the mobility of OH- ions, being less than that H+ 

ions, produces slightly lower conductivity at pH of 4.5.     

 

 

Figure 11. Variation of ionic conductivity within the EDL of Au as a function of distance from the 

OHP, plotted for 4 different pH and Zeta values. 

The bulk conductivity is ൎ 1.47x10-4 S/cm (1 mM KCl solution). Note that this value is 

not dependent on the potential applied to the electrode, as the double layer is thin. The most 

interesting thing is the conductivity at the slip plane could be as high as four times the bulk 

conductivity. This is a direct consequence of the formation of the EDLs at the electrode-electrolyte 

interface, which was also reported in the work of Wang et al10. This could have an important 



consequence for confined environments and surface-mediated ion transport. Figure 12 shows the 

plot of the variation of the OHP conductivity with the applied potential for 3 pH values. For the 

whole applied potential range, the conductivity at the OHP ranges from 1.6 to 8e-4 S/cm. The 

highest conductivity is achieved at pH of 4 and applied potential of 400 mV vs. SHE. From Figure 

10 it can be seen that this is the point at which Au surface has the largest positive surface charge. 

Therefore, the highest conductivity at pH of 4 is due to high concentration of negative ions. On 

the other hand, conductivity of the OHP at 600 and 800 mV applied potential is approximately the 

same at 4e-4 S/cm. From Figure 10 these points correspond to identical surface charge. For pH 9 

the peak conductivity is also around 4e-4 S/cm at applied potential of 200 mV, which again from 

Figure 10 corresponds to the largest negative charge on the Au surface. Interestingly for pH 6.5 

ionic conductivity bears almost a flat shape this is because negative and positive charge on the Au 

electrode alternates between -0.2 and 0.2 µC/cm2, which is rather a small range.  

 

Figure 12. OHP conductivity of Au as a function of different applied potentials, for 3 pH values: 

(a) with respect to SHE and (b) with respect to RHE 



Wang et al. studied how the double layer conductivity of pure water in a charged porous 

matrix of gold is affected by the applied potential on gold10. They found the conductivity to be 

varying from 1.2x10-3 S/cm to <0.2x10-3 S/cm when the potential was varied from 0 to 1200 mV 

vs RHE. The discrepancy between their result and ours could be due to the high electrochemical 

surface area (~ 150 cm2) compared to planar surfaces studied here (2 cm2), as conductivity 

increases with the electrochemical surface area (ECSA). 

Instead of alternatively reading between Figure 12 and Figure 10 we visualize the variation 

of the ionic conductivity at the OHP for different charge densities on the surface of the electrode, 

when pH is held constant. Figure 13 shows the parabolic relation between the OHP ionic 

conductivity and surface charge on the Au electrode. The parabolic relation is predicted by the GC 

theory. All the points correspond to the applied potential of -200 to 800 mV (vs SHE) applied 

potential. For pH 4 the Au surface carries mostly positive charge and ionic conductivity varies 

between 2 and 8e-4 S/cm. At pH 6.5 the Au surface charge is distributed symmetrically about the 

zero charge point. These conductivities are smaller than those for the other pH values, and are 

below 3e-4 S/cm. For pH 9 the Au surface charge carries negative charge and conductivity value 

is at 4e-4 S/cm.  



     

Figure 13. OHP conductivity vs charge density on the electrode surface, for three pH values for 

the applied potential range of -200 to 800 mV (vs. SHE). 

  

5. Conclusions 

In this paper we introduced an experimental method for measuring the zeta potential of electrically 

conductive surfaces by a streaming current method and extended the method to measure the zeta 

potential of metal surfaces under applied potentials. Zeta potentials over a range of pH were 

measured for Au, Ni and Pt, using the streaming current method and the results showed similar 

trends to literature data using streaming current/streaming potential methods on surfaces and 

dynamic light scattering methods of particles. Measuring zeta potential of Au for different applied 

potentials, we deduced some important features of the EDLs: the variation of surface charge 

density with the pH and applied potential, and the ionic distribution in the diffuse layer.  We 

showed that due to accumulation of ions in the diffuse layer, enhanced conductivity was observed 

at the OHP. By studying zeta potential at three pHs for applied potential range we show that an 



inflection point is observed around 300 mV, above which zeta potential acquires positive value for 

all three pHs. Positive zeta values indicate accumulation of OH- ions in the OHP. At higher applied 

potentials Au is positively charged and OH- at the OHP shield the electric field. At applied 

potential below 300 mV at high pHs zeta potential is negative, indicating higher content of H+ at 

the OHP. Using the GC theory we correlate zeta potential values for the range of applied potentials 

with the metal surface charge density. The trends show proportionality between the two values 

because of small zeta potential values. The highest ionic conductivity values at the OHP are 

observed for the points where the metal carried the highest charge density (positive or negative). 

Future studies will explore in-situ cyclic voltammetry correlation with zeta potential. 

Supplementary Information 

Justifications of the approximations; streaming current vs. streaming potential measurements; back 

flow of ions and its effect on the evaluation of zeta potential; calculation of zeta potential from the 

plots that are not fully linear; distribution of ions and variation of potential outside OHP for 

different Zeta values; comparison with cyclic voltammetry data  
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