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Abstract 

Introduction of nanoparticles in membranes allows a significant enhancement of their 

performance in energy production, water treatment and other applications. However, the effect of 

nanoparticles’ surface functionalization and the mechanism of their impact on membrane 

properties remain poorly studied. In this paper, we examine a Nafion-based membrane and its 

modifications, each containing 3 wt% SiO2. The effect of functionalization by propyl, 3-

aminopropyl and 3,3,3-trifluoropropyl is investigated. The water uptake, contact angle, 

conductivity, diffusion permeability to NaCl, current-voltage curves (CVC), chronopotentiograms 

(ChP), and the difference between the pH of the desalination compartment output and input 

solutions (characterizing the water splitting rate) are reported. It is found that the doping of the 

membranes with nanoparticles leads to increasing their conductivity in all cases except 3-

aminopropyl, which imparts a positive charge to the nanoparticles; the diffusion permeability 

decreases and permselectivity increases in all cases. The latter is explained by transformation of 

the mesoporous membrane structure to the microporous one. The impact of nanoparticles on the 

membrane conductivity, CVC and ChP is mainly caused by an additional (positive) space charge 

introduced into the pore solution and at the membrane surface by the electric double layer 

surrounding the nanoparticles. The greater the surface charge density of the nanoparticles and the 

smaller their size, the stronger the impact. Accordingly, the highest conductivity, current density 

at a low fixed voltage and chronopotentiometric transition time are shown by the sample doped 

with SiO2 and 3,3,3-trifluoropropyl. The interplay between electroconvection and water splitting 

phenomena is discussed.  

 

Keywords: ion-exchange membrane; silica nanoparticles; electrochemical properties; 

microheterogeneous. 
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1. Introduction 

In the context of global environmental concerns (global warming, air and water pollution, 

waste disposal, etc.), membrane technologies are receiving increasing attention. Indeed, various 

applications of these technologies can essentially contribute to the solution to many ecological 

problems and, thus, ensure sustainable development.  

Despite a large range of commercially available membranes [1], there is a great scientific 

interest in improving membrane properties via their modification, especially when the 

modification is aimed at the improvement of a specific characteristic. One of the most promising 

methods is the immobilization of inorganic nanoparticles in polymer membranes. The hybrid 

organic-inorganic membranes obtained in this way show a better performance in a number of 

applications [2–4]. For example, proton exchange membranes doped with metal oxide particles 

can have higher water uptake and conductivity at elevated temperatures and low relative humidity, 

which is important in fuel cell applications [5–9]. However, the modification of Nafion membranes 

with SiO2 and TiO2, while improving water retention, does not always lead to increasing 

conductivity [6,10,11]. Better conductivity is detected, when the inserted particles exhibit acidic 

properties [10,12,13]. It is also found that water uptake and conductivity of hybrid materials 

increase, when some hydrophilic functional groups are grafted to incorporated silica particles [14]. 

This type of functionalization of nanoparticles can results also in increasing ion-exchange capacity 

(IEC) of the membrane [15,16]. 

Membrane modification with nanoparticles is very important not only for a better 

performance of fuel cells, but also for separation processes in different industries [17]. Indeed, this 

modification along with increasing membrane conductivity allows reducing diffusion permeability 

and improving membrane permselectivity [18] and ion-exchange selectivity [19]. The introduction 

of oxide particles in the membranes for gas separation and pervaporation processes makes it 

possible to improve permeability, selectivity, and thermal stability of these membranes [4,20]. 

Embedding metal oxide particles (sometimes grafted) in ultrafiltration and osmosis membranes 

leads to an increase in their hydraulic permeability and fouling resistance when using them in 

wastewater desalination and treatment processes [21,22]. Hybrid ion-exchange membranes (IEMs) 

were proposed and successfully implied as the redox flow batteries separators [23] and in other 

applications [24] for their improved selectivity and conductance properties. The interactions of 

nanoparticles with cell membranes have a very high importance for biomedical applications such 

as drug delivery and anti-cancer treatments [25–28].  
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Although there are many studies on the properties of natural and artificial membranes with 

nanoparticles, the mechanism of their effect on the membrane global characteristics remain 

unclear. Some authors [29] make accent on increasing ion exchange capacity and consider the 

introduction of  inorganic nanoparticles in polymer IEMs as a promising method of producing 

membranes with high IEC without compromising mechanical strength. However, in many cases, 

the IEM performance was found enhanced after the incorporation of nanoparticles, although there 

was no noticeable increase in IEC [11,30]. It is known that the size and surface charge density of 

nanoparticles seem to be the main properties, which determine the impact of nanoparticles [31]. 

There are a number of publications modelling the space charge and electric double layer (EDL)  

around nanoparticles in aqueous solutions [32–35]. However, there are only a few publications 

devoted to the mathematical description of the ion transport in IEMs doped with nanoparticles 

[36,37] in particular with the attempt to quantitively relate the parameters of nanoparticles (their 

size and surface charge density) with electrochemical characteristics (conductivity, 

permselectivity) [38]. A similar situation takes place concerning the effect of functionalization. 

Although this effect is rather well studied for the nanoparticles in aqueous solutions, in particular, 

in the case of silica nanoparticles [39], there are rare publications about the relationship between 

the nature of reagent for functionalizing nanoparticles and the resulting membrane properties. 

Generally, only one or two membrane properties, subject to the action of the functionalization, are 

considered. Thus, Berbar et al. [19] try to find such a functionalization of silica nanoparticles 

incorporated in SPES membranes, which maximizes the elimination and the separation of Pb2+ and 

Cd2+ ions present in a feed aqueous solution. The effect of functionalization on the Nafion-type 

membrane conductivity (in pure water, the membrane in the H+ form) and permeability regarding 

NaCl and HCl diffusion is studied in Refs. [36,40]. It was found that the membrane conductivity 

of the modified membranes was generally higher and the diffusion permeability lower than in the 

case of non-modified membranes. In particular, a high conductivity was found in the case of non-

functionalized silica and a low diffusion permeability in the case of silica functionalized with 

perfluorododecyl groups [40]. This trend is explained by the model of the membrane limited 

elasticity [4]: hydrophilic groups of nanoparticles attract water, which results in increasing size of 

pores and conducting channels. The impact of the space charge in the pore solution created by the 

nanoparticles is also important [38,41]; this space charge replaces the electroneutral solution 

situated in the center of pores, thus increasing conductivity and reduces diffusion of electrolyte. 

However, the impact of nanoparticles on the membrane properties is not sufficiently 

understood. Although generally the importance of the nanoparticle surface charge density for the 

membrane conductivity and diffusion permeability was recognized [38], and the effect of 

nanoparticles on effective ion diffusion coefficients was established [36,42], there are no 
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publications where the effect of nanoparticles on the current-voltage curves (CVC), 

chronopotentiograms (ChP) and other electrochemical characteristics would be studied. In 

addition, too little is known about how functionalization of nanoparticles affects the membrane 

electrochemical characteristics and how it is connected with the change in the membrane structure. 

In this paper, we present a comprehensive electrochemical investigation of a series of Nafion-type 

membranes doped with silica nanoparticles whose surface is functionalized by different reagents. 

For the first time, we investigate the impact of nanoparticles’ functionalization on the membrane 

electrochemical and physicochemical characteristics and are trying to find a correlation between 

different electrochemical characteristics, some of which are related to the properties of the 

membrane volume (for example, conductivity), and others, to the surface (e.g. CVC). The main 

attention is paid to the nanoparticle surface charge density, its role in the interaction of 

nanoparticles with the membrane matrix, and the influence on the mechanism of transfer 

phenomena.  

2. Materials 

A series of Nafion-based membranes modified with functionalized SiO2 nanoparticles were 

prepared via casting procedure developed earlier [40]. One sample was obtained by casting from 

a Nafion solution containing tetraethoxysilane (TEOS) as a precursor. The precursor was 

hydrolyzed within the membrane matrix. Three other samples were prepared using the same 

solution (Nafion + TEOS) containing additionally different silane coupling agents resulting in the 

formation of different functional groups (Table 1) bonded to the surface of the SiO2 nanoparticles. 

The Nafion solution with the precursor and functionalizing agent (if any) was cast onto the Petri 

dish. After solvent evaporation, the samples were pressed and put in an ammonium-water solution 

needed for the formation of nanoparticles by hydrolysis and condensation reactions. These 

composite membranes have the same mass fraction of the nanoparticles (3 wt%), the composition 

and properties of the nanoparticle core are the same. However, the surface properties of the 

nanoparticles vary from sample to sample due to different functional groups (Table 1). 

 

Table 1. Studied membranes and some characteristics 

Sample   Contact 
angle, 
degree 

Water uptake, Wu, 
gH2O/gdry mb, %  

f2app 

I Nafion 66±3 22±1 0.13±0.02 

II Nafion + 3 wt% SiO2 70±3 23±1 0.11±0.02 

III Nafion + 3 wt% SiO2 (5 mol% 3-

aminopropyl) 

57±3 23±1 0.06±0.01 
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IV Nafion + 3 wt% SiO2 (5 mol% propyl) 70±3 24±1 0.05±0.01 

V Nafion + 3 wt% SiO2 (5 mol% 3,3,3-

trifluoropropyl) 

68±3 22±1 0.04±0.01 

 

Sample I is a solution-cast Nafion® membrane. Sample II is a modification of the solution-

cast Nafion® membrane by non-functionalized silica nanoparticles. Due to the interactions with 

water, silanol functional groups (-Si-O-H) are present on the surface of the nanoparticle (Fig. 1) 

[43]. Sample III contains silica nanoparticles functionalized by 3-aminopropyl moieties (5 mol% 

of –(CH2)3-NH2 in relation to the Si atoms). The bonded compound bears an amino group on the 

end  (Fig. 2). Sample IV includes silica nanoparticles functionalized by propyl groups, which are 

nonpolar and rather hydrophobic. Sample V contains nanoparticles with grafted weak polar 

hydrophobic 3,3,3-trifluoropropyl groups (Fig. 2).  

 

  
Fig. 1. Schematic structure of 

a silica nanoparticle with partially 

ionized silanol functional groups on 

the surface. 

Fig. 2. Schematic representation of 

nanoparticle body (circles) and grafted functional 

groups. The radius of the nanoparticles is not to scale 

with the chain length of the functional groups. 

 

The size of nanoparticles was determined by the images obtained by transmission electron 

microscopy (TEM). In the case of sample II, this size was in the range 3-7 nm (Fig. 3). The results 

of the nanoparticles’ distribution on the membrane surface and cross-section obtained using a Carl 

Zeiss NVision 40 scanning electron microscope with an energy-dispersive X-ray (EDX) analysis 

are presented in the Supplementary materials. These results show the dopant particles are presented 

both on the surface and in the bulk of the modified membranes. 

O
Si

Si

Si

Si Si

Si

Si

Si
O

O

O

O

O

O

O

Si

Si

O

O
Si Si

O

O

O

O

O

O

O

O

O

O

O

O-

O-

O O

O-

O-

O-

H

H

H SiO2 N
H

HSiO2 O H

SiO2 C
H

H

H

SiO2 C
F

F

F

  

  



6 
 

 
Fig. 3. TEM image of a Nafion-type membrane with 3 wt% silica nanoparticles synthesized in 

situ (sample II). 

3. Experimental 

 

The membrane conductivity, diffusion permeability, IEC, water uptake, contact angles 

were measured as well as the current-voltage characteristics, chronopotentiograms and change in 

pH of the solution after passing through the desalination compartment of the ED cell. 

The concentration dependence of membrane conductivity is measured by the mercury-

contact method where the membrane conductivity is found from the membrane resistance 

measured as an active portion of membrane impedance using the cell described in [44]. The 

measurements are conducted in NaCl solutions with different (from 10−3 to 0.2 M) concentrations.  

The measurements of the concentration dependence of diffusion permeability are carried 

out in the range of 0.01 to 1M NaCl using a two-compartment cell [45].  

The water contact angle was measured using the sessile drop technique according to the 

procedure described in [46]. The test liquid was distilled water. The contact angles were registered 

20 s after the application of a test drop.  

The water uptake (Wu) was found as: W𝑢𝑢% = (𝑊𝑊1− 𝑊𝑊2)
 𝑊𝑊2

 100. The wet weight of the sample 

(W1) was determined after soaking the membrane in distilled water and rapid wiping of the surface 

with a filter paper. The dry weight (W2) was found after drying the sample at 100 °C to constant 

weight. The data for contract angle and water uptake are shown in Table 1. 

To find the IEC, the membranes were converted initially in H+ form by soaking them in a 

1M HCl solution. Then, after careful rinsing in deionized water, membranes were immersed in a 

0.1M KCl solution (pH=6) to replace H+ ions by K+. The concentration of the released H+ ions 

was determined using the potentiometric titration with NaOH. The IEC value was calculated as 

follows: IEC = 𝑉𝑉𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁×𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
 𝑊𝑊2

. Note that only part of the H+ ions attached to the functional groups 

was replaced by K+ ions. Another part remained bound to the protonated groups according to the 
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exchange equilibria at pH=6. In this way we obtain the IEC referred to pH=6, at which all the 

experiments were performed, and not the total IEC, which is generally higher.   

The results of above measurements show (Table 1) that the value of IEC is the same for all 

the samples within the experimental error (5%) and equal to 0.9 mmol cm−3 of swollen membrane.  

Similarly, the water uptake is nearly the same (23±2 g H2O/g dry mb) for all the samples. As well, 

the contact angle does not change significantly after the modification, except for sample III, the 

surface of which is slightly more hydrophilic than that of the others.  

 The experimental setup for measuring current-voltage characteristics and 

chronopotentiograms consists of a laboratory electrodialysis (ED) cell with hydraulic and 

measuring systems (Fig. 1s, see Supplementary materials). The pH and conductivity values were 

controlled just before entering and after leaving the desalination compartment of the ED cell. The 

limiting current density was calculated using the Lévêque equation [47], when knowing the NaCl 

diffusion coefficient and concentration at the entrance of the desalination compartment (c=0.02 

mol L−1) not changing during the experiment; the velocity of the solution flow between the 

membranes forming the desalination compartment (V0=0.36 cm s−1), the intermembrane distance 

(h=0.63 cm) and the  membrane active area length (L=2 cm). The counterion effective transport 

number in the cation-exchange membrane under study (T1) was taken equal to 1 taking into account 

that the feed solution was diluted. For the above conditions, the limiting current density calculated 

using the Lévêque equation, was  ilim= 1.97 mA cm–1. The details of the measurements are 

described in the Supplementary materials. 

 

4. Results and discussion 

4.1. Characteristics of nanoparticles 

Since the properties of nanoparticles depend also on the porous structure of the host 

membrane, note that sample I (the sample without nanoparticles) is more porous than commercial 

Nafion membranes. This difference is due to the preparation method describe above. The water 

uptake is only slightly higher than that of Nafion® 117 (20 wt% according to Saarinen et al. [48]). 

However, there is another parameter, denoted f2app, which is more sensitive to changes in 

membrane structure. This parameter roughly characterizes the volume fraction of electroneutral 

solution in the membrane. If the structure is microporous (the pore size < 2 nm), there is no 

electroneutral solution in the membrane, f2app=0. In the case of conventionally homogeneous IEMs 

[49], which contain micro- and mesopores, f2app is in the range 0.05−0.13. In heterogeneous IEMs, 

there are also macropores, and f2app is in the range 0.13−0.3. More information about the meaning 

of f2app is in Section 4.2.2.  
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The value of f2app is significantly higher for sample I (0.13) than for Nafion® 117.  For the 

latter, f2app is from 0.05 to 0.012 depending on the conditioning procedure, as reported by Berezina 

et al. [50], and 0.065 according to Chaabane et al. [51], who used a standard conditioning. This 

relatively large porosity correlates with the values of the counterion transport number, which are 

essentially lower (Section 4.2.3) than those for the commercial Nafion membranes.  

Sample II contains non-functionalized silica nanoparticles with silanol functional groups (-Si-

O-H) on their surface (Fig. 1) [4]. These groups are acidic, they become negatively charged when 

they are ionized and release H+ into the surrounding solution. Sonnefeld et al. [32] found from 

electrokinetic experiments that the space charge density of a silica nanoparticle, σ, in NaCl 

solutions is between −0.01 and −0.025 C m−2, when the NaCl concentration is in the range from 

10−3 M to 10−1 M and pH=6; the absolute value of σ increases with increasing the electrolyte 

concentration. At 0.01 M NaCl and pH=6, σ≈ −0.02 C m−2 [32], which is created by the SiO− sites 

located on the surface in the amount of 0.125 sites per nm2; that is, about 3% of sites on a SiO2 

nanoparticle are negatively charged. The charge density of the nanoparticle is about 5 times lower 

than that of the pore wall.  The latter for a Nafion membrane whose exchange capacity is 1 mol L−1 

of swollen membrane, can be evaluated as −0.11 C m−2 or 0.7 SO3
− groups/nm2 of the pore wall. 

The quantitative estimates of σ are given in the Appendix.   

Since the grafted groups in samples IV and V are not charged, it can be assumed that the 

surface charge density of the nanoparticles in these samples is approximately the same as in sample 

II with silica nanoparticles. The silica nanoparticles embedded in Sample III are functionalized by 

3-aminopropyl moieties. The amino group attached to the particle surface (Fig. 2) is positively 

charged and accepts H+ to form -NH3
+. The surface charge density (estimated in the Annex) is 

between +0.11 and +0.24 (C m−2), that is, it is equal to or higher than σ formed by the sulfonate 

groups attached to the pore walls. 

As for the size of nanoparticles, it is influenced by two factors: the size of the pores where 

the particles are formed, and the substituents on the surface of silica introduced in 

functionalization. When mixing the Nafion solution with a precursor, the latter is distributed 

approximately uniformly, since condensation processes have not yet occurred. The treatment of 

the obtained film (after evaporation of the solvent) with a hydrolyzing agent causes the formation 

of nanoparticles in sufficiently large pores, with the formation of one particle per pore. Apparently, 

2 or 3 particles cannot form in one pore as the pore size is small, and diffusion in the pore, which 

supplies the material for the formation of the particle, occurs extremely quickly. The thin channels 

limit the exchange between large pores (known also as clusters), they nearly isolate the reaction 

zones from each other. It is possible, however, that a part of the material for particle formation can 
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be delivered from the neighboring smaller pores. Thus, the impact of pore on the size of 

nanoparticle seems to be decisive [4]. 

On the other hand, the functionalization of the nanoparticles also has an effect. When a 

substituent joins a silicon atom, it prevents the formation of a strong covalent bond between the 

silicon and oxygen atoms and, therefore, blocks the growth of the nanoparticle core in size. We 

suppose that these limitations in the nanoparticle size occur in accordance with the mechanism of 

molecular weight regulation in polysiloxane synthesis where monofunctional groups are used as 

end-blockers for functionally terminated oligomers [52]. Therefore, addition of weak polar or 

nonpolar functional groups (as in the case of samples IV and V) may result in smaller size of 

nanoparticles. On the other hand, it is also known that amino-modified silica particles (in 

particular, aminopropyl-grafted silica as in sample III) form relatively large agglomerates due to 

interaction and bonding of amino groups with the silanol groups on the particle surface [53]. 

According to the above, we hypothesize that sample III contains the biggest immobilized 

nanoparticles; samples IV-V, the smallest ones; and sample II has the particles of the medium size. 

The latter is in the range 3-7 nm according to our TEM images (Fig. 3), which correlates with the 

results of Ref. [54] showing that this size can be as large as 8 nm. This is slightly greater than the 

size of the clusters (≈5 nm) in Nafion membranes [5,55], but is within the range of all possible 

pores, whose size can reach 100 nm, according to the method of standard contact porosimetry [55]. 

In the case of silica nanoparticles with 5 mol% of 3-aminopropyl groups on the surface, the 

diameter was estimated as 4 – 10 nm [56].  

 

4.2. Membrane bulk-dependent characteristics  

4.2.1. Model approaches to describing the IEM structure  

The structure of Nafion-type ion-exchange membranes is usually described by the Gierke 

cluster-network model schematically presented in Fig. 4a. The membrane is considered as a system 

of hydrated clusters connected by narrow and short channels (diameter and length of about 1 nm) 

enclosed in a hydrophobic matrix. The fixed charges (SO3
− groups) are located on the walls of the 

clusters, which have a shape close to spherical.  
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a)  b) 

  
c) 

 
 

Fig. 4. Schemes representing the nanostructure of a Nafion-type membrane (a) and its 

modifications with incorporated nanoparticles in the case of negatively (b) and positively (c) 

charged surface. Negatively charged nanoparticles alter the pore structure so that relatively large 

non-selective pores are transformed into a network of thinner pores, in which the concentration 

of counterions is much higher than that of coions; at the same time, too thin pores/channels 

become larger pores (compare the distance between points A and B, which determine the size of 

an inter-cluster channel). Positively charged nanoparticles form salt bridges with fixed ions and 

block inter-cluster channels, making pores/channels narrower. In both cases, mesoporous 

structure of the pristine membrane is transformed into a microporous one. 

 

Several approaches were developed to model the membrane transport properties as 

dependent on its nanostructure [57–62] (see description in the Supplementary materials). 

The microheterogeneous model [57,58] gives a simple description of membrane transport 

characteristics (including the conductivity, diffusion permeability and transport numbers) as 
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functions of a single set of parameters, which are the diffusion coefficients in the gel and free 

solution phases, the volume fractions of the gel phase (f1) and intergel spaces (f2, f1 + f2 =1), the 

Donnan equilibrium constant and a parameter (α), which reflects the relative disposition of the  

gel and solution phases [45]. 

 

4.2.2. Membrane conductivity 

According to the microheterogeneous model [57], within the concentration range 

0.1ciso<c<10ciso, and under condition that parameter α is not too great (|α|≤0.2), the electrical 

conductivity of an IEM, 𝜅𝜅∗, and the concentration of the bathing solution, 𝑐𝑐, are related by the 

following equation:  

lg 𝜅𝜅∗ ≈ 𝑓𝑓2 lg 𝑐𝑐 + 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐       (1)  

Here ciso is the isoconductance concentration (the concentration at which the conductivity of the 

membrane and bathing solution is the same) [57]; usually for conventional IEMs, ciso is close to 

0.05-0.1 M.  

The linearity of the lg(𝜅𝜅∗) - lg(𝑐𝑐) dependence for conventional IEMs is confirmed in a 

number of publications [57,63]; parameter f2 (the volume fraction of the intergel spaces) is easy to 

find as the slope of the above dependence. Most often the concentration dependence of the 

conductivity is measured in the 0.05 – 1 M range, where Eq. (1) is approximately satisfied. Besides, 

this range is most interesting for the practice, and the measurements there are relatively easy. 

However, sometimes this dependence is determined in a range outside of that where Eq. (1) holds; 

parameter α can be rather high (>0.2). In these conditions, the value of the lg(𝜅𝜅∗) - lg(𝑐𝑐) slope can 

differ from the true volume fraction of the intergel spaces; this is especially the case where the 

intergel spaces contain nanoparticles. With that, the slope still roughly characterizes the presence 

of the electroneutral solution in the membrane, when the lg(𝜅𝜅∗) - lg(𝑐𝑐) dependence is determined 

in the 0.05 – 1 M range [38]. We will call this slope the apparent fraction of the electroneutral 

solution in the membrane, f2app.  As Table 1 shows, the f2app value (determined in the 0.03 – 0.5 M 

concentration range) significantly differs from one sample to other; its value can be used to 

characterize the presence of meso- and macropores in a membrane, as explained in section 4.1. 

Generally, f2app shows how rapidly the conductivity increases with increasing concentration. At 

the same time, this parameter gives the real value of intergel spaces’ volume fraction in the 

conditions described in the beginning of this section, namely, when the bathing solution 

concentration is sufficiently close to ciso (as it was established in a number of papers [45,55,65]). 

However, as Fig. 5 shows, in the range of very low concentrations (c<0.01 M), the lg(𝜅𝜅∗) - 

lg(𝑐𝑐) dependence is no longer linear. This feature was also found in other publications [61,64].  
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This deviation from linearity follows from the microheterogeneous model [57]; however, in 

experiments, the ‘flattening’ of the lg(𝜅𝜅∗) - lg(𝑐𝑐) curve is stronger than the original version of the 

model [57] predicts. As it was explained in [61,64], this flattening is due to the fact that the 

thickness of the EDL formed at pore walls increases with dilution of solution; a larger part of pore 

volume becomes more conductive than the equilibrium electroneutral solution.  

 

 

 
Fig. 5. Concentration dependences of electrical conductivity of the pristine Nafion 

membrane (sample I) and its modifications obtained by incorporation of silica-based 

nanoparticles (Table 1). The roman numerals show the numbers of samples. The values were 

determined with an uncertainty of 2%. 

 

Interestingly, the nanoparticles affect the conductivity significantly stronger (Fig. 5) than 

it can be expected, given the low number of nanoparticles in the membranes (3 wt%). Moreover, 

the conductivity values for the same number of nanoparticles vary in a relatively large range 

depending on the type of functionalization. And the slope of the lg(𝜅𝜅∗) - lg(𝑐𝑐) curves in the range 

0.05 – 1 M, where the curves are approximately linear, depends on the functionalization. However, 

since the water uptake changes only little for the samples of different functionalization, we cannot 

expect that the pore size and shape vary significantly. That is, the volume fraction of the intergel 

spaces, f2, must not change. However, the value of the apparent volume fraction of electroneutral 

solution, f2app (the slope of the lg(𝜅𝜅∗) - lg(𝑐𝑐) curve) is a sensitive parameter (Table 1). More likely 

that the nanoparticles occupy only relatively large pores, but they significantly affect the overall 

membrane porous structure. In the pores where they are present, they replace the electroneutral 

solution. The EDL around a nanoparticle enhances the membrane conductivity in the same way as 
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the EDL at the pore walls. The difference in the lg(𝜅𝜅∗) - lg(𝑐𝑐) curves reflects the fact that the EDL 

around the nanoparticles depends on the functionalization. 

Experimental data shows that in the range of low concentrations (0.001 - 0.2 M), the 

conductivity of most of the modified samples (except that for sample III) is greater than the 

conductivity of the non-modified Nafion membrane (sample I) (Fig. 5).  

In the literature, two reasons for the conductivity increase caused by the incorporation of 

nanoparticles are discussed: (1) the higher size of membrane pores and conductive channels 

resulted by increasing osmotic pressure due to hydrophilic surface of nanoparticles (the limited 

membrane elasticity model [4,66]), (2) and the appearance of additional charge carriers due to 

formation of additional EDL at the charged surface of a nanoparticle [38,67]. According to the 

estimations above, the space charge density of all the nanoparticles used in this study (with the 

exception of those in sample III) should be close to each other at a given pH and external solution 

concentration. In these circumstances, the impact of the EDL formed around the particles on the 

membrane properties should be essentially determined by their size. The smaller the size of 

nanoparticles, the greater the total volume of EDL around them and, accordingly, the greater the 

amount of charge carriers and the osmotic pressure. This relationship might explain the relative 

position of the curves in Fig. 5: the conductivity, κ∗, of the samples in dilute solutions is in the 

same row (κ∗I ≈κ∗II< κ∗IV < κ∗V) as the size of nanoparticles estimated in Section 2. Sample III 

containing positively charged nanoparticles has the lowest conductivity, κ∗III. Apparently, this is 

due to the electrostatic interactions between the positively charged amino groups and the negative 

fixed charges of the membrane. These salt bridges can cause (1) a decrease in current carriers’ 

concentration in the mesopores; (2) convergence of the opposing pore walls and reduction in the 

pore size [11] (Fig. 4).  

 

4.2.3. Diffusion permeability 

A decrease in diffusion permeability, P*, compared with the pristine Nafion membrane is 

observed for all modified specimens (Fig. 6). It is explained by the fact that the nanoparticles with 

their EDLs replace the electrically neutral solution (which is not a permselective medium) as well 

as reduce the space available for electrolyte diffusion in the pores. The lowest value of P* is shown 

by sample III, evidently, because the positively charged nanoparticles in this membrane can block 

some conducting channels available for the transport of coions (Fig. 4c), which control the rate of 

electrolyte diffusion in IEMs [68]. In this case the counterions can pass through the gel phase 

bypassing the nanoparticles, while this way is nearly closed for the coions. Sample V also has a 

very low permeability towards NaCl diffusion, the main cause of which should be a relatively 
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large number of negatively charged nanoparticles of small size. This results in formation of a larger 

number of pathways hardly available for anions, as compared to other samples. 

 

 

 
Fig. 6. Concentration dependences of diffusion permeability towards NaCl of a Nafion 

membrane and its modifications. The roman numerals show the numbers of samples. The values 

were determined with an uncertainty of 4%. 

 

4.2.3. Transport numbers  

An important parameter characterizing the membrane permselectivity is the counterion 

transport number, 𝑐𝑐𝑖𝑖∗. In the case of the studied cation-exchange membranes and sodium chloride 

solution, the value of 𝑐𝑐+∗  shows the portion of the electric current transferred by the Na+ ion in 

conditions of the absence of diffusion. To evaluate the 𝑐𝑐+∗  value, it is possible to use the following 

relationship (deduced within the irreversible thermodynamics [69]), which relates the transport 

numbers, electrical conductivity and diffusion permeability: 

𝑐𝑐−∗ = 𝐹𝐹2

2𝑅𝑅𝑅𝑅g
𝑃𝑃∗𝑐𝑐

𝜅𝜅∗𝑡𝑡+𝑁𝑁𝑎𝑎𝑎𝑎∗                                                            (2) 

where 1 ln / lng d y d c±= +  is the activity factor, y±  is the mean activity coefficient of the 

electrolyte; 𝑐𝑐+𝑎𝑎𝑎𝑎𝑎𝑎∗  is the apparent transport number of counterions, which is linked with the true 

transport number in the membrane by the Scatchard equation [69]. As a first approximation, 

𝑐𝑐+𝑎𝑎𝑎𝑎𝑎𝑎∗ ≈ 𝑐𝑐+∗ . In fact, 𝑐𝑐+𝑎𝑎𝑎𝑎𝑎𝑎∗  is 10-15% lower than 𝑐𝑐+∗ , the difference increases with increasing water 

electroosmotic transport. Eq. (2) shows that 𝑐𝑐−∗  is proportional to the membrane diffusion 

permeability (controlled by the coion transport) and inversely proportional to the membrane 

conductivity (mainly determined by the counterions). 
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By applying the assumptions that 𝑐𝑐+𝑎𝑎𝑎𝑎𝑎𝑎∗ ≈ 𝑐𝑐+∗  and parameter g is equal to 1, we obtain from 

Eq. (2) and condition  𝑐𝑐−∗ + 𝑐𝑐+∗ = 1 a quadratic equation, the solution of which is as follows: 

𝑐𝑐−∗ = 1
2
− �1

4
− 𝑃𝑃∗𝐹𝐹2𝐶𝐶

2𝑅𝑅𝑅𝑅𝜅𝜅∗
. ,      𝑐𝑐+∗ = 1 − 𝑐𝑐−∗                                                            (3) 

To apply Eq. (3), the experimental concentration dependences of the electrical conductivity 

and diffusion permeability were approximated by a power function. Fig. 7 compares counterion 

transport numbers in the studied samples. 

 

 
Fig. 7. Concentration dependences of the Na+ transport numbers in the Nafion membrane 

(sample I) and its modifications. The roman numerals show the numbers of samples. The values 

were determined with an uncertainty of 1%. 

 

As expected, the pristine membrane, sample I, has the lowest permselectivity (the smallest 

values of 𝑐𝑐+∗ ) (Fig. 7). The 𝑐𝑐+∗  values for this membrane are as well lower than the transport numbers 

in commercial Nafion®  membranes. For example, interpolation of the results reported by in Ref. 

[69] for a Nafion®120 in 0.2 M NaCl gives 𝑐𝑐+∗ = 0.98 ±0.01, while for sample I the corresponding 

value is close to 0.92 (Fig. 7). The reason of this difference is that in this study, sample I was 

prepared by a Nafion solution casting (Section 2, Materials). As mentioned in Section 2, the 

structure of sample I is essentially more porous, hence, more permeable to coions than that of 

commercial Nafion®  membranes. 

Interestingly enough, sample III has the highest selectivity despite its lowest conductivity. 

Apparently, the determining factor in this case is a very low value of diffusion permeability. This 

is caused by the positively charged nanoparticles, which act as a crosslinking agent and block the 

pathways for anions [11]. The effect of these nanoparticles on the restriction of ion transport is 

greater for coions than for counterions. In the case of 0.1 M NaCl solution, the value of P* for 
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sample III is about 2.5 times lower than for sample I; however, the value of κ* for sample III is 

only 1.1 times lower than that for sample I. 

 

4.3. Membrane surface-dependent characteristics 

4.3.1. Current-voltage characteristics and chronopotentiograms 

While conductivity and diffusion permeability of a membrane are controlled by its bulk 

properties, current-voltage characteristics (CVC) and chronopotentiograms (ChP) are determined 

mainly by the membrane surface properties. The latter is due to the fact that generally the shapes 

of CVC and ChP are determined by the development of concentration polarization in the 

membrane system with growing potential difference/current density. Concentration polarization 

causes two current-induced coupled effects: electroconvection and water splitting, both depending 

only on surface properties. It was shown in the literature, that the shape of CVC of an IEM depends 

on the relative hydrophilicity/hydrophobicity of its surface (characterized by the contact angle) 

[70], surface electric and geometric heterogeneity [70–74] and the surface charge density [75]. 

Since the surface geometry/morphology (determining electric and geometrical heterogeneity) does 

not change from one sample to another, this factor can be ignored in our analysis. As for the contact 

angle, within the experimental error, it is the same for all samples except for sample III. The lower 

value of the contact angle for this sample should be due to the fact that the surface of the 

nanoparticles is positively charged, which decreases the overall membrane charge density. 

As Fig. 8 shows, the CVC of studied membranes in the range 0.6 < 𝑖𝑖 𝑖𝑖𝑙𝑙𝑖𝑖𝑙𝑙 < 1⁄  (0.03 

V<∆ϕ′<0.2 V) are positioned in the same row as their conductivities. Here ∆ϕ′ is the corrected 

potential drop not including the ohmic contribution [76]. Both the current densities at a fixed ∆ϕ′ 

and the conductivities increase in the same order: III<I≈II<IV<V (Table 2).  
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Fig. 8. Current-voltage characteristics of the studied membranes in a 0.02 M NaCl 

solution. The roman numerals show the sample numbers. The values were determined with an 

uncertainty of 5%. 

 

Table 2. Some electrochemical characteristics of studied membranes. The Arabic 

numbers in brackets place the samples from best (1) to worst (5). 

Samples Conductivity (S m-1), κ*, 

(c=0.001 M NaCl) 

i/ilim 

(∆φ′=0.1V) 
τ/τSand 
(i/ilim=1.5) 

I 1.04  (4)  0.95 (4) 1.04 (5) 
II 1.06 (3) 0.97 (2-3) 1.07 (3) 
III 0.98 (5) 0.91 (5) 1.06 (4) 
IV 1.16 (2) 0.97 (2-3) 1.08 (2) 
V 1.22 (1) 1.13 (1)  1.14 (1) 

The uncertainty for the values of κ*, i/ilim and τ/τSand is evaluated as 0.015 S m-1, 0.01 and 0.01, 

respectively.   

 

The shape of the CVC in the indicated range of currents/potentials is strongly influenced 

by equilibrium electroconvection [77], which occurs as electroosmosis (EO) of the first kind [78]. 

The latter phenomenon is conditioned by the space charge region (SCR) in the depleted solution 

adjacent to the membrane surface. The term “equilibrium EO” is used [77] because at 

underlimiting current densities and low potential drops, the structure of the SCR is similar to that 

of the equilibrium EDL occurring at zero current. Namely, the counterion and coion concentrations 

are distributed there according to the Boltzmann law. Electroconvection enhances the mass 
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exchange at the surface: it brings a “fresh” solution from the bulk and evacuates the depleted 

solution. Thus, a more intensive electroconvection enables a higher current density under the same 

potential difference. Apparently, the surface charge of embedded nanoparticles contributes to the 

formation of a space charge region in the solution not only within the pore, but also at the external 

membrane surface. The total amount of the charged solution, which is due to the presence of 

nanoparticles, depends on the surface charge density and the number of the nanoparticles per 

membrane unit volume. Since the total mass of nanoparticles is the same in all samples (3 wt.%), 

the greater the nanoparticle’s surface charge density and the smaller the particle size, the greater 

the charged solution amount per unit volume and per unit area of the internal or external pore wall 

surface. Therefore, both membrane conductivity and equilibrium electroconvection enhancing the 

current density increase in the same order of the studied samples: III<I≈II<IV<V (Table 2).  

In the case of sample III, the nanoparticles contain amino groups, which are charged 

positively, that is oppositely to the membrane fixed sulfo groups. As a result of the electrostatic 

interaction between the amino groups and the fixed sulfo groups, a part of sulfo groups would be 

blocked and the average fixed charge density of the membrane pore walls and that of the membrane 

surface should be lower than in the pristine Nafion and other modified samples. This causes both 

a lower conductivity and a lower current density for sample III. In addition, this sample is the most 

hydrophilic among the studied samples. This property hampers the EO slip along the membrane 

surface. Inversely, in the case of nanoparticles with a negatively charged surface, the surface 

charge of the modified membranes should be higher than that of the pristine membrane; and the 

less the size of nanoparticles, the greater the surface charge.   

Intrestingly, the above correlation occurs only at low current densities (from 0.6 𝑖𝑖 𝑖𝑖𝑙𝑙𝑖𝑖𝑙𝑙 ⁄ to 

1.0 𝑖𝑖 𝑖𝑖𝑙𝑙𝑖𝑖𝑙𝑙 ⁄ ) and low potential differences. At higher currents/voltages, the order of the samples for 

which the current density increases at a fixed potential drop is different. While sample V remains 

the best at high currents, sample IV, the second in the competition of conductivity and limiting 

current densities, requires the highest voltage to allow the passage of a current density i ≥ 2 ilim. 

Evidently, the laws governing electroconvection phenomenon at low currents/voltages are not the 

same as those at intensive currents and high voltages. The mechanism of electroconvection at 

relatively high current densities is apparently determined to a lesser extent by EO slip than at 

current densities close to ilim [78–80]. As it is explained in Section 4.3.2, water splitting acts an 

important roleб since it partially suppresses electroconvection.   
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Fig. 9. Chronopotentiograms of the studied membranes measured at i=1.5 ilim=1.97 in a 

0.02 M NaCl solution. The roman numerals show the sample numbers. The values were 

determined with an uncertainty of 5%. 

 

The analysis of chronopotentiograms provides additional evidence of the correlation 

between membrane conductivity and electroconvection at low currents/potential drops. The 

inflection point of a chronopotentiogram (Fig. 9) refers to the transition time, τ [81], which is an 

important parameter determining the time required to the electrolyte concentration at the 

membrane surface to achieve a nearly zero value. The τ/τsand values are presented in Table 2, where 

τsand is the theoretical value of transition time calculated using the Sand equation [82]: 

𝜏𝜏𝑆𝑆𝑎𝑎𝑆𝑆𝑆𝑆 = 𝜋𝜋𝜋𝜋
4
�𝐹𝐹𝑧𝑧1𝐶𝐶1
𝑅𝑅1−𝑡𝑡1

�
2 1
𝑖𝑖2

                                                        (4) 

where C1 is the counterion concentration in the bulk solution; T1 and t1 are the counterion transport 

numbers in the membrane and solution, respectively; z1 is the counterion charge number; F is the 

Faraday constant; and i is the current density. 

The Sand theory [82] assumes that a stagnant diffusion layer of infinite thickness is 

adjacent to an ion-permselective surface. However, a significant current-induced convection arises 

at the charged surface of ion-exchange membranes, when the near-surface concentration of 

electrolyte reaches a sufficiently small value. In particular, electroosmosis of the first kind 

(equilibrium electroconvection)  develops without threshold and becomes noticeable even at small 

potential drops, ∆ϕ′, about 50 mV when subtracting the ohmic contribution [75]. The 

electroosmotic flow enhances mass exchange at the surface, which results in increasing τ. Thus, 

the same phenomenon, equilibrium electroconvection, is behind the increase in the steady-state 

current density when measuring the CVC and in the increase in transition time. Both the current 
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and the transition time increase occur in the same range of relatively low potential differences 

between 50 and 200 mV. Therefore, it is not surprising that the sequence of τ/τsand values is in the 

same order as the current density, which in turn, correlates with the membrane conductivity (Table 

2).  

 

4.3.2. Interplay between electroconvection and water splitting  

There is another interesting issue, which can be discussed on the basis of the results 

presented above and shown in Fig. 10. This figure displays the pH difference, ∆pH, between the 

output and input solution, which passes through the desalination compartment, as a function of the 

corrected potential drop ∆ϕ′. Water splitting (WS) occurs in the surface layer of both anion-

exchange (AEM) and cation-exchange (CEM) membranes [83], and both processes contribute to 

the pH change: WS in the AEM delivers protons into the desalination compartment, that in the 

CEM, hydroxyls (Fig. 11). The value of the output solution pH depends on the difference in the 

WS rates in the AEM and CEM. Since in all experiments, the same MA-41 anion-exchange 

membrane was used, it is possible to compare the WS rate in different samples of CEMs. The 

higher the ∆pH value, the higher the WS rate in the considered sample of CEM. 

 

 

 
 

Fig. 10. Dependence of the pH difference between the outlet and inlet solution passing 

through the desalination chamber on the corrected potential difference in a 0.02 M NaCl 

solution. The roman numerals show the sample numbers. The values were determined with an 

uncertainty of 0.02. 
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Fig. 11. Scheme of fluxes of salt and water ions in the desalination compartment of an ED cell; 

the case where WS rate at the AEM is greater than that at the CEM. 
 

The interplay between electroconvection and WS was discussed in a number of papers 

[73,80,84–89]. The onset of both electroconvection and WS requires the occurrence of a depleted 

solution region at the membrane surface where a space charge region is formed. For 

electroconvection, the presence of a SCR, which can be moved under the action of an external 

electric field, is necessary. As for WS, since the co-ions are expelled from the SCR, this leads to 

displacement of the equilibrium between the dissociation and recombination reactions resulting in 

WS. Low values of the product of H+ and OH− concentrations are necessary to hold inequality 

cHcOH<(Kw)2, where Kw=10−14 (mol/L)2 is the water dissociation constant. The region where 

inequality cHcOH<(Kw)2 holds is known as the reaction region. As mathematical modelling shows, 

the reaction region practically coincides with the SCR both in the case of bipolar [90] and 

monopolar membranes. In the case of bipolar membranes, the SCR 1-2 nm thick is located in the 

viсinity of the bipolar junction; in the case of monopolar membranes, the SCR includes a nanosized 

equilibrium EDL at the membrane interface and an extended SCR in the depleted solution, which 

can reach several micrometers. Near a CEM, the SCR almost does not contain anions; therefore, 

the concentration of the OH− ions there is very small and the inequality cHcOH<<(Kw)2 is valid 

throughout the SCR. To attain a sufficiently thick SCR, the electrolyte concentration near the 

membrane, cs, should be quite low. The thickness of the (quasi-)equilibrium EDL is inversely 

proportional to (cs)0.5; the value of cs should be of the order of 10−5 mol/L or lower in order that 

the H+ (OH−) ions could compete with the salt ions in the charge transfer. Note also that a relatively 

strong electric field within the SCR is favorable not only for EC, but for WS as well, due to the 

second Wien effect enhancing the water splitting rate [83,85,91,92]. 
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However, when the conditions for the onset of electroconvection and WS are reached, these 

two phenomena become antagonist. Intensive electroconvection brings fresh electrolyte solution 

from the solution bulk, which prevents the development of WS. Intensive WS produces the H+ 

(OH−) ions, which enter the SCR as coions and reduce the space charge in depleted solution at the 

membrane surface [80,85]. The presence of a catalyst for water dissociation can essentially shift 

favorable conditions towards WS [83,91] and suppress electroconvection [85,87,93]. 

As can be seen in Fig. 10, all ∆pH vs. ∆ϕ′ curves have a similar shape. Between 0.5V and 

1.5V, there is a slight maximum in ∆pH value. Then ∆pH decreases. An increase in pH of the feed 

solution after passing the desalination compartment is due to the fact that at relatively low potential 

drops the rate of WS is higher in the CEM than in the AEM because the limiting current density 

for the CEM is about 1.5 times lower than that for the AEM. Hence, with increasing i  (and ∆ϕ′), 

the limiting current density is first attained at the CEM, where WS starts to occur with a noticeable 

rate, while there is no WS in the AEM.  However, with a further increase in i  (∆ϕ′), the limiting 

current density is reached at the AEM, and WS starts in this membrane. The CEMs under study (a 

Nafion  membrane and its modifications), mainly contains functional sulfo groups, whose catalytic 

activity in respect to WS is very weak [94]. For this reason, the increase in pH of the desalting 

solution (in the 0.5V - 1.5V range) is quite low even if WS does not occur in the AEM. At the 

same time, among the functional groups of the AEM (MA-41 membrane), there are secondary and 

tertiary amino groups, which are catalytically active for WS. Thus, when the current density 

becomes equal to or greater than the limiting current density for this membrane, the rate of WS in 

the AEM, which supplies the H+ ions into the desalination compartment, exceeds the WS rate in 

the CEM. Then the pH of the output solution decreases rapidly with increasing ∆ϕ′ (Fig. 10).  

It can be seen that for all modified membranes, the water splitting is higher than for the 

pristine membrane: the ∆pH vs. ∆φ′ curves for all modified membranes are over the curve for 

sample I (Fig. 10). Apparently, it is due to catalytic participation of the functional groups of 

nanoparticles in the proton-transfer reactions leading to water splitting [83]. The weak-acid −SiOH 

groups of silica particles with pKa≈6.4 should be a good catalyst for the water dissociation reaction, 

in contrast to the −SO3H groups, for which  pKa≈1.5 (for weakly-acid functional groups, the 

limiting rate constant of WS in the first approximation is inversely proportional to Ka [83]). The 

functionalization affects the catalytic activity of nanoparticles towards WS. The WS  rate at the 

CEM in the range ∆φ′>1.2 V for the studied samples increases in the order: I < III ≈ II ≈ V < IV. 

With this, among the modified samples, there is a significant difference between samples V and 

IV. Perhaps, this is due to the fact that sample IV contains nonpolar propyl groups, and sample V, 

weak polar 3,3,3-trifluoropropyl groups.   Generally, the order of samples regarding the CVC and 
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∆pH vs. ∆φ′ dependencies can be explained by the discussed above antagonism between 

electroconvection and WS phenomena. Indeed, as follows from Fig. 10, sample I is characterized 

by the lowest catalytic activity of functional groups in respect to WS; the catalytic activity of 

functional groups of sample IV is the highest. Accordingly, it can be expected that the intensive 

WS at high potential drops suppresses partially electroconvection. It seems that at elevated ∆φ′ 

(>1.2 V), the other membrane characteristics, such as surface space charge density and 

hydrophobicity act a secondary role. If we take sample III, the worst in terms of conductivity, it 

should have the lowest surface space charge density. At ∆φ′=0.1 V, the current density is the lowest 

for this sample. However, at ∆φ′ >1.5 V, the value of i is nearly the same as for samples V and I, 

showing the highest values of i; this should be due to relatively low WS rate for this membrane.  

 

Conclusion 

 

The introduction of nanoparticles with negatively charged surface leads to increasing the 

membrane conductivity and permselectivity while reducing the electrolyte diffusion permeability.  

This effect can be explained by transformation of the mesoporous membrane structure into a 

microporous one, accompanied by an increase in the inter-cluster channels’ size. A negatively 

charged nanoparticle should be located in the center of a cation-exchange membrane pore due to 

electrostatic repulsion between its surface and the fixed sulfonate groups on the pore walls. Thus, 

the electroneutral solution in the center of a mesopore in the pristine membrane is displaced by the 

nanoparticle and its EDL. The counterions in the EDL contribute to increasing the conductivity, 

while the Donnan exclusion of co-ions inhibits the electrolyte diffusion. Increasing osmotic 

pressure in the membrane porous solution leads to enlarge the porous space.  

The functionalization of silica particles with 3-aminopropyl imparts them a positive charge. 

There are electrostatic interactions between this charge and the fixed sulfonate groups; salt bridges 

can be formed. As a result, a part of fixed groups becomes blocked; with that, the nanoparticles 

can plug the narrow channels connecting greater pores. This design leads to a slight decrease (by 

about 10% compared to the pristine membrane) in the membrane conductivity and a significant 

(about 2.5 times) decrease in electrolyte diffusion, resulting in a considerable increase in the 

counterion permselectivity.  

There is a correlation between the conductivity, κ∗, transition time, τ, and current density, 

i (measured at a fixed reduced potential difference, ∆ϕ′, in the range 0.03 V<∆ϕ′<0.2 V) for the 

samples obtained from a Nafion-type membrane by its modification with silica nanoparticles. The 

samples differ by different functionalization of the nanoparticles. All three characteristics increase 
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from sample to sample in the same order: III<I≈II<IV<V. This correlation can be explained by the 

fact that the total space charge (TSC) around all nanoparticles embedded in a unit membrane 

volume increases from sample to sample in the order indicated above. The TSC value depends 

both on the space charge density of a nanoparticle and on their number per unit volume (surface). 

The greater the TSC, the larger the values of κ∗, τ and i , since the TSC 

1) within the membrane pores contributes to increasing the concentration of mobile ions, hence, 

enhances the membrane conductivity, and  

2) on the external membrane surface contributes to enhancing equilibrium electroconvection 

(electroosmosis of the first kind), which is significant in the range of potential drops from 

0.03 V to 0.2 V. A more intensive electroconvection causes an increase in i and  τ. 

 

However, at ∆ϕ′>1.2V, the order of samples for which i (measured at a fixed ∆ϕ′) increases, 

is different. It is explained by the change in the mechanism of electroconvection from equilibrium 

electroosmosis to the non-equilibrium unstable electroconvection at high voltages. It seems that to 

achieve a high mass transfer rate at  ∆ϕ′>1.2V, the value of the surface charge density is no longer 

the main parameter. Perhaps, more important becomes the rate of water splitting. Generation of 

H+ and OH− ions in the solution/membrane interface leads to a reduction of the extended space 

charge in the depleted solution, which results in a partial suppression of electroconvection. The 

WS rate for all modified samples is higher than that for the non-modified Nafion membrane. 

Apparently, it is due to weakly acidic silanol −SiOH groups. Generally, electroconvection and WS 

are antagonists: strong WS essentially reduces electroconvection; and, conversely, intensive 

electroconvection delivers the fresh solution from the bulk to the depleted surface and thus 

prevents the development of WS.    
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Appendix 

 

Evaluation of the surface charge density of the nanoparticles 

 

All modified samples studied in this paper contained silica nanoparticles with silanol acidic 

groups (-Si-O-H) on their surface. The pKa value of these groups depends on the moieties bonded 

to Si. In the case of orthosilicic acid Si(OH)4 in water, pKa=9.8 [39]. However, in the case of a 

silica oxide nanoparticle in aqueous solution, pKa is essentially lower: pKa=6.4 according to 
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[32,33] and pKa=6.8 according to [35], since Si(OH)4 in these materials is subject to olation and 

oxolation processes. In acidic solutions, SiOH group can be protonated and positively charged. 

The equilibrium of the surface protonation-deprotonation reactions SiOH↔SiO−+ H+ and SiOH + 

H+↔SiOH2
+ [95] is characterized by the equilibrium constants Ka and Kb, respectively. Setting 

pKa =6.4 [33] for the above equilibriums, we find that at pH=6 (the conditions of our experiment), 

/ SiOHSiOH
c c− ≈0.4 and 

2
/ SiOHSiOH

c c+ ≈10−8. Therefore, a significant part of the SiO2 nanoparticles bears 

negative charges, the amount of the positively charged sites on the nanoparticle surface for the 

conditions of our experiments is negligible. Taking into account that the total number of sites on 

the surface Ns tot = SiOHSiO
N N− +  (where SiO

N −  and SiOHN  are the numbers of the SiO− and SiOH 

sites, respectively),  we find that the fraction of the negatively charged sites, f−, is less than 30%. 

A more accurate evaluation on the basis of the Poisson-Boltzmann equations applied in the 

nanoparticle’s EDL [33] and when using more sophisticated models taking into account the solvent 

electrostatics [34,35] gives f− in the range 5 – 10% when the electrolyte concentration in the bulk 

is between 10−3 M and 10−1 M. In these models, it is accounted that the H+ concentration at the 

surface is higher than in the solution bulk due to the electrostatic attraction between these ions and 

the negatively charged surface. Otherwise, the value of f− can be also evaluated from the results 

of  Sonnefeld et al. [32], who found from electrokinetic experiments that the SCD of a silica 

nanoparticle, σ, is between −0.01 and −0.025 C m−2 when the NaCl concentration is in the range 

from 10−3 M to 10−1 M and pH=6; the absolute value of σ increases with increasing the electrolyte 

concentration. According to Zhuravlev [96,97], the total site density of the silanol functional 

groups on the nanoparticle surface, α tot, as determined by the deuterio-exchange method with mass 

spectrometric analysis is 4.6 sites nm−2  (i.e. Ns tot =7.7×10−6 mol m−2 ). At 0.01 M NaCl and pH=6, 

σ≈ −0.02 C m−2 [32],  which amounts to α −=0.125 charged sites per nm2. Then f− 

= 0.125/4.6 ≈ 0.03, hence, about 3% of sites on a SiO2 nanoparticle are charged negatively.   Note 

that the average distance between the fixed ions in Nafion membranes is about 1.2 nm (which 

gives the exchange capacity equal to 1 mol L−1 of swollen membrane). Then the density of the 

fixed charges on a pore wall, αSO3−, will be 0.7 SO3
− groups/nm2, and the surface charge density  

σ=(αSO3−)e = 0.11 C m−2, where e=1.60×10−19 C is the elementary charge. Thus, the charge density 

of the nanoparticle is about 5 times lower than that of the pore wall.   

The silica nanoparticles embedded in Sample III are functionalized by 3-aminopropyl 

moieties. The amino group attached to the particle surface (Fig. 2) is positively charged and accepts 

H+ to form -NH3
+. The pKa value for the reaction NH4

+ = NH3
 + H+ in aqueous solution is 9.25 

[98], the pKa value for aminopropyl ≡Si–(CH2)3–NH2 is 9.8 [99]. Therefore, at pH=6, almost all 

weakly basic amino groups are protonated and carry a positive charge.  The number of these 
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positive charges is 5% of the total number of sites in one particle, Nv tot (5%, i.e. Nv + = 0.05 Nv tot). 

The positive charge surface density depends on the radius of the particle, r. Nv tot is linked with the 

particle volume, Vp, as Nv tot =Vp/Vsite, where the volume of a site may be approximately evaluated 

as L3 with L=(1/α tot)1/2 (≈0.47 nm), the distance between two neighboring Si atoms. Then the site 

density of the positively charged groups on the nanoparticle surface, α+, can be expressed as 

v
3 3

0.05 0.05
3

p

p p

VN r
S S L L

α +
+ = = = . When taking r=5 nm and 10 nm, we find α+ equal to 0.82 and 1.64 

(sites/nm2), respectively; the surface charge density for these cases, σ=( α+− α−)e, would be 0.11 

and 0.24 (C m−2), respectively. Therefore, it can be expected that the surface charge density of the 

nanoparticles in sample III is positive, the surface charge density is close to that on the pore walls 

and essentially higher in absolute value than the negative charge of a non-functionalized silica 

nanoparticle. The positive charges on the nanoparticles in sample III can play important role, 

taking also into account that the chain –(CH2)3-N is relatively long (about 0.7 nm). Note, however, 

that the above estimations are rather the upper limit, since they do not take into account that, due 

to the positive charge of the nanoparticle surface, the concentration of H+ ions at the nanoparticle 

surface is significantly lower than in the bulk solution. 
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