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ABSTRACT 

The transport of ions through carbon nanotube systems has been studied 

extensively. However, there is limited evidence of ion transport via nanotube 

sidewalls. Using a novel host-guest redox active hybrid material, insight into the 

mechanisms of ion transport within carbon nanotubes can be assessed using very 

simple electrochemical techniques. Here we utilise a system whereby 

polyoxometalates (POMs) are encapsulated within single-walled carbon nanotubes 

(SWNTs). The POM acts as a redox probe and can measure the effectiveness of 

ion transport throughout the material. The diffusion of large cationic species (Li+, 

Na+, K+, NH4
+) throughout the system is limited and the mechanism of their 

transport can be confirmed using a simple blocking technique, whereby the open 

ends of the SWNT become inaccessible to such ions. The kinetic isotope effect of 

proton and deuteron transport throughout the systems was found to be 1.32 and 

1.21 for two aqueous acidic electrolyte systems. This value is significantly lower 

than what is reported for other systems focusing on the permeation of these ions 

through similar one-atom thick membranes. It can be concluded that for practical 

application within electrochemical systems, the rate of transport of both H+ and 

D+ is sufficiently fast and that the permeation of these ions through the nanotube 

system is not rate limiting. 
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1. Introduction 

The transport of ions across nanoscale membranes has been widely studied for a 

variety of carbon-based systems.1–4 Including the interlayer spacing between two-

dimensional (2D) graphene monolayers, carbon nanotube (CNT) nanochannels 

and most notably, hydron (H+/D+) transport through atomically thin barriers i.e. 

monolayers of graphene. A fundamental understanding of the mechanisms of ion 

transport is imperative, to effectively utilize a system that relies on ion transport 

for applications such as separation, sensing and energy storage technologies.5-15 

Studies have been completed assessing the mechanisms of ion transport through 

one atom thick membranes, most notably by Mogg et al. whereby a graphene 

monolayer was isolated and used within ion-selectivity measurements. The results 

of such experiments were astonishing and provided evidence for the perfect 

selectivity of protons through crystals that can be considered free of atomic-scale 

defects. The process of collecting these results required the fabrication of a device 

able to isolate a single graphene layer. The layer is typically isolated using 

micromechanical cleavage, however, this process can be imprecise and time 

consuming.16 Once isolated the crystal is clamped into a device suitable to 

separate two solutions, requiring specialised equipment. Here we utilize a very 

simple system to understand mechanisms of ion transport and provide insight into 

the selective nature of carbon nanotube-based materials.  

 

The formation of novel host-guest redox active hybrid materials has recently been 

reported.17 Within this report the spontaneous encapsulation of polyoxometalates 

(POMs) within single walled carbon nanotubes (SWNTs) is outlined using an 

outstandingly simple method, requiring no specialised equipment.  
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1.1 Polyoxometalates  

POMs are large anionic metal oxygen clusters of early transition metal elements 

and have exceptional properties, both physical and chemical, due to their 

structural diversity.18 They contain multiple metal centres connected within an 

oxide framework. 

The two basic structures of POMs are Keggin and Dawson. Keggin POMs consist of 

12 metal atoms arranged around a single heteroatom and take the general form 

of [XM12O40]. With the Dawson (also known as Wells-Dawson) POM being a dimer, 

formed from the combination of two lacunary Keggin monomers [XW9O34]z-, the 

resulting structures consist of 18 metal atoms arranged around 2 heteroatoms 

and take the general form of [X2M18O62].18,19 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Polyhedron and ball and sticks models of the typical POM structures of 
Wells-Dawson heteropolyoxoanions. The metal atoms are shown at the centre of 

the polyhedra, with an oxygen atom at every vertex. X represents template 
anions, which are seen at the centre of the structure.20 

 
 

Previous research showed that the redox behaviour exhibited by hybrid materials 

containing the tungsten Wells-Dawson anions, [P2W18O62]6–,{W18}, as the POM 

species was well-defined and stable.21 As a result, this research utilises the {W18} 

POM as the redox active species within the novel host-guest hybrid materials. 
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1.2 POM@SWNT Hybrid Material 

POMs in isolation exhibit promising properties for electrochemical energy storage 

applications22 as they can undergo fast reversible multi-electron transfer 

reactions.19 However, the success of POMs alone for such applications is impeded. 

When fully oxidized, POMs are electrically insulating, meaning charge flow 

between the redox centres and the electrode is limited. By dispersing the POM in 

a highly conductive substrate such as carbon nanotubes the maximum 

concentration of POM becomes electrochemically accessible.23,24 The novel 

immobilization of POMs within CNTs not only provides a conductive support for the 

POM, but also acts as a protective barrier against instabilities caused by the 

external environment. 

 
1.2.1 Synthesis and Characterisation 
 
The synthesis of POMs encapsulated within SWNT is a simple process, starting 

with the oxidation of SWNTs. SWNTs have closed tips which need to be removed 

to allow access to the interior of the nanotube. Heating to 600℃ for 30 minutes 

opens the tips of the nanotubes, as this surpasses the oxidation temperature of 

the SWNTs. At this temperature, only the tips are oxidised due to the more 

reactive nature of the sp2 hybridised carbon atoms found in the tips. Once opened, 

the SWNTs were added to an aqueous solution of POM, sonicated, and then stirred 

for two days at room temperature.21 

 

Electron density is transferred from the SWNTs to the POMs when the two species 

are combined in solution and sonicated, this creates a coulombic attraction, 

resulting in the electrostatically driven encapsulation of POMs within SWNTs. By 

carefully selecting specific POM and SWNT species the interior surface interaction 

can be maximised, aiding the encapsulation. The tungsten Wells-Dawson anions, 
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[P2W18O62]6–,{W18}, have complementary crystallographic dimensions (approx.1.2 

x 1 nm)25 with the SWNT used (approx. 1.4 nm)26. Resulting in densely filled 

{W18}@SWNT hybrids. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2. (A) Schematic showing the redox mechanism resulting in the 
encapsulation of POMs within SWNTs. (B) Schematic of POM@SWNT adsorbed 
onto the electrode surface. (C) Schematic demonstrating the potential routes of 

ion transport to the encapsulated POM. 
 
 

On encapsulation of the POMs within the SWNTs, the aqueous solution of POM 

turns blue (from a clear colourless solution) indicating a charge transfer reaction 

has occurred as the blue colour is characteristic of reduced POMs.27,28 

Transmission electron microscopy (TEM) and energy dispersive x-ray (EDX) 

analysis was used to confirm the encapsulation of POMs within the SWNTs, by 

providing visual and qualitative evidence (Figure A1).21 

B 

A 

a 
b 

C 
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1.2.2 Ion Transport 

These hybrids provide us with an ideal tool to study ion transport throughout 

carbon nanotube systems. POMs typically exhibit kinetically fast electrochemistry 

which can be considered not limited by either electron or ion transport.19 On 

encapsulation, this electrochemistry is preserved (Figure 3A), however, it is 

dependent on the electrolyte environment. For electron transfer to successfully 

occur at the POM there is a requirement for the diffusion of ions throughout the 

electrolyte solution, this ensures the electrical neutrality of the system is 

maintained.29 It is therefore rational to conclude that by studying the 

electrochemistry of the encapsulated redox active species that behaviour of the 

ions within solution (namely the cationic species) can be evaluated. Here we use 

the simple electrochemical method of analysis, cyclic voltammetry, as a tool to 

provide invaluable insight into the mechanisms of ion diffusion throughout the 

system.  

Cyclic voltammetry is an electrochemical method which measures the change in 

current as voltage sweeps between set potential limits. The fluctuations in current 

correspond to reduction and oxidation processes of the species being analysed.29 

 

The electrochemistry of a {W18}@SWNT film immobilized on a glassy-carbon 

electrode (Figure 2B) in a selection of aqueous supporting electrolytes is studied. 

By varying both the cationic and anionic species within the electrolyte allows us 

to discover individually their influence on the POM electrochemistry, which can be 

directly related to the diffusion of the ions towards the POM via the nanotube 

barrier.  The electrolytes studied are as follows (all electrolytes used were at a 

concentration of 1.0 moldm-3): HCl, H2SO4, HClO4, DCl, D2SO4, DClO4, LiCl, LiClO4, 

NaCl, Na2SO4, KCl, NH4Cl. 
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To enable successful electron transfer to occur, oppositely charged cationic species 

are required to interact with the encapsulated POM to counterbalance any charge 

generated during the redox events. The cations within the electrolyte can get 

sufficiently close the encapsulated POM via one of two routes (Figure 2C): (a) the 

ions enter the SWNT via the open ends and flow through the interior SWNT channel 

to access the POM, (b) the ions diffuse through the SWNT sidewalls. A variety of 

both acidic and non-acidic electrolytes are used within this study to gain insight 

into the mechanisms of ion transport for a selection of cationic species of varying 

ionic radii: H+, D+, Li+, Na+, K+, NH4
+.30 

Entering the SWNT via the open ends is the most likely path for all the cationic 

species discussed within this study, as the barrier to do so will be the smallest for 

this route.2,31 Sterically there is little resistance to any of the hydrated cations 

from entering the CNT. However, the POMs deeper within the densely filled 

nanotube cavity will only be accessible to H+ and D+ as there is complete steric 

exclusion of the larger cations, which are unable to permeate through the ~0.2nm 

gap between the POM and the interior SWNT sidewall.3 Ultra-fast hydron transport 

rates are to be expected in these hydrophobic nanochannels.32 The level of 

confinement displayed by these narrow cavities facilitated the formation of one-

dimensional water chains that enable the transport of H+ and D+ towards the 

interior encapsulated POMs via the Grotthuss mechanism.32  

The understanding of proton and deuteron abilities to permeate through one-

atom-thick crystals such as the SWNT sidewalls is an area of much interest. 

Although the study of a SWNT system seems to be neglected, the hexagonal lattice 

of SWNT sidewall is almost directly comparable to that of graphene which has 

been studied.33,34 Under ambient conditions a pristine, defect-free graphene 

monolayer is widely regarded as impermeable to all atoms.1,2,35 Accelerated 
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protons and to a lesser extent deuterons are able to penetrate the dense electron 

cloud surrounding the hexagonal lattice of a graphene monolayer when subjected 

to a potential bias or at elevated temperatures.1,2,35,36  

  

 

1.3 Aims 

The new and novel nature of POM@SWNT hybrid materials results in the need for 

general improvements in the understanding of the electrochemistry of these 

materials. The main objectives of this research is to: 

• investigate cation transport through the carbon nanotube system, using 

the electrochemistry of the encapsulated POM to achieve this 

• use data collected to support understanding for a proposed mechanism of 

ion transport throughout the carbon nanotube system 

• investigate the kinetic isotope effect of proton and deuteron transport 

throughout the POM@SWNT system  
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2. {W18}@SWNT Electrochemistry 
 

Typical surface-confined voltammetry is displayed by the {W18}@SWNT film 

(Figure 3), as both the oxidized and reduced form of the redox species are strongly 

absorbed to the electrode. In ideal conditions, {W18}@SWNT displays three clearly 

defined two-electron redox couples, which can be attributed to the following redox 

processes37,38: 

𝑃2𝑊18𝑂62
6− +  2𝑒− ↔ 𝑃2𝑊18𝑂62

8−  (1) 

𝑃2𝑊18𝑂62
8− +  2𝑒− +  2𝐻+ ↔ 𝐻2𝑃2𝑊18𝑂62

8−                                (2) 

𝐻2𝑃2𝑊18𝑂62
8− +  2𝑒− +  2𝐻+ ↔ 𝐻4𝑃2𝑊18𝑂62

8−                             (3) 

The three redox couples will be referred to as {P2W18}8–, {H2P2W18}8– and 

{H4P2W18}8– henceforth, referencing the reduction product of each redox couple.  

As the {H2P2W18}8– and {H4P2W18}8– redox events are proton coupled/cation 

dependent it is thought that the peak potentials corresponding to these processes 

may be particularly sensitive to the electrolyte environment.39 This ideal surface-

confined redox behaviour is not displayed for all electrolyte environments studied 

here, indicating the importance and influence the supporting electrolyte can have 

on the system.  

The impact of encapsulation can be seen by comparing the electrochemistry of the 

surface confined {W18} film in acidic electrolyte (Figure 3B). Similar potentials are 

measured when in acidic electrolytes, suggesting that the presence of the carbon 

nanotube matrix does not limit the transport of protons to the POM. If the SWNT 

presented a large barrier to the protons, a negative shift in potential would be 

expected. The voltammograms for {W18} in isolation generally display larger ΔEP 

values, which can be attributed to the lack of conductive substrate (SWNT) which 

usually facilitates the electron transport between the electrode surface and the 

POM, hence slower redox processes can be expected.23,24  
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The solution phase electrochemistry of {W18} in isolation results in four redox 

couples; two one-electron processes, followed by two two-electron processes 

(Figure 3A). Typically, only in strong acidic environments i.e. 12.4 mol dm-3 will 

the {W18} undergo three two-electron reversible redox processes as seen in the 

immobilized enivronment.37 This indicates that the energetics of electron transfer 

change as a result of confinement and is less affected by pH than when in solution. 

However, as with the solution phase electrochemistry negative shifts in the peak 

potentials are still seen with increasing pH for the immobilized equivalents (Figure 

3E). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



10 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (A) Cyclic voltammogram of immobilized {W18}@SWNT (black) and 
solution phase {W18} (red), both recorded at 0.1 V s-1 in 1.0 mol dm-3 HCl. (B) 
Cyclic voltammogram of immobilized {W18}@SWNT (black) and immobilized 

{W18} (red), both recorded at 0.1 V s-1 in 1.0 mol dm-3 HCl. (C) 1,000th to 30,000th 
cyclic voltammograms of {W18}@SWNT deposited onto a glassy carbon electrode 

and cycled at 0.1 V s-1 in 1.0 mol dm-3 HCl. (D) Cyclic voltammograms of 
{W18}@SWNT at increasing scan rates; 0.01 V s-1 (black), 0.02 V s-1 (blue), 0.04 
V s-1 (green), 0.06 V s-1 (orange), 0.1 V s-1 (red) in 1.0 mol dm-3 HCl. A plot of 

peak-to-peak separation as a function of scan rate for the three redox couples can 
be found in the appendix (Figure A2). (E) Cyclic voltammogram of immobilized 

{W18}@SWNT recorded at 0.1 V s-1 in 1.0 mol dm-3 DCl (black) and 0.2 mol dm-3 
DCl (red). A negative shift in peak potential is observed with increasing pH (1.0 
mol dm-3 → 0.2 mol dm-3). 

 

 

B 

C D 

A 

E 
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2.1 {W18}@SWNT Electrochemistry in Non-Acidic Electrolytes 
 

When the material is studied in non-acidic electrolytes inconsistent and unstable 

voltammograms are recorded. By the 50th potential sweep there is little to no 

electrochemical activity remains for all systems studied (Figure 4A). Example 

cyclic voltammograms of {W18}@SWNT in non-acidic electrolytes can be found in 

the appendix (Figure A3). 

Characteristically, a large current is passed during the first reduction process 

({P2W18}6–→ {P2W18}8–), currents of such magnitude are not reached for any of 

the subsequent reduction processes or their corresponding oxidations. This feature 

suggests initially there is a larger flow of the cationic species from the electrolyte 

towards the encapsulated redox species. As the charge generated is unmatched 

for the {H2P2W18}8– and {H4P2W18}8– redox events, this indicates that the initial 

flow of cations towards the POM during the first reduction blocks further diffusion 

of the cationic species throughout the carbon matrix. 

Variation is seen in the potential onset position associated to the first reduction 

event, which shifts depending on the electrolyte the cyclic voltammogram is 

recorded in. At 0.1 Vs-1 the potential vs. SCE for the first reduction for each 

environment is as follows: 1.0 mol dm-3 LiClO4 (-0.221 V), 1.0 mol dm-3 LiCl (-

0.286 V), 1.0 mol dm-3 NaCl (-0.367 V), 1.0 mol dm-3 Na2SO4 (-0.368 V), 1.0 mol 

dm-3 NH4Cl (-0.393 V), 1.0 mol dm-3 KCl (-0.415 V). As the ionic radii of the cation 

in the supporting electrolyte increases, more negative potentials are required for 

the reduction reaction to occur. Suggesting there is a higher barrier to electron 

transfer when in environments involving larger cationic species. The extent of pore 

blocking is seen to reflect changes in hydration shell K+ > Na+ >NH4
+ > Li+10. Ionic 

radii are inversely related to the hydrated cation radii40, with Li+ having the largest 

hydration shell, suggesting that for these electrolytes the diffusion of the ions 
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through solution and the loss of their hydration shell are not rate limiting steps. It 

is the ease at which the cation can interact with the POM that appears to be the 

major influence on the electrochemical behaviour of the {W18}@SWNT system. 

Results such as these are not unexpected. The nanochannel formed between the 

nanotube interior and the POM results in steric rejection of the ions with the larger 

hydrated radii.3 For the non-acidic electrolytes studied here the estimated 

hydrated radii of the cation species range from 1.75 to 2.50 Å.30 It is also due to 

steric factors that the route of ion transport to the POM can be confirmed as only 

via the open ends of the nanotube.1,2 Once these passages to the POMs start to 

be blocked41 the number of accessible POMs reduce, therefore resulting in the 

smaller currents measured on consequent potential sweeps. This blocking process 

will continue until there are no accessible POMs to these larger cations and the 

{W18}@SWNT composite becomes essentially electrochemically inactive. Some 

activity can be regained by cycling in acidic electrolytes once this has occurred, 

indicating that although the POM is inaccessible to larger cations, protons can still 

engage with the encapsulated POMs due to their smaller ionic radii (Figure 4B).  

 

 

 

 

 

 

 

Figure 4. (A) Average changes in peak currents for {W18}@SWNT in supporting 
electrolytes containing different cationic species: H+ (red), Li+ (black), K+ (blue), 
Na+ (green) and NH4

+(orange). (B) Cyclic voltammogram of the fifteenth cycle of 

immobilized {W18}@SWNT recorded at 0.1 V s-1 in 1.0 mol dm-3 KCl (red). Overlaid 
with a cyclic voltammogram of the same system cycled in 1.0 mol dm-3 HCl post 

cycling fifteen times in 1.0 mol dm-3 KCl (black). 

A B 
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2.2 {W18}@SWNT Electrochemistry in Acidic Electrolytes 

 

Unlike when in non-acidic electrolytes the electrochemistry in acidic environments 

is extraordinary. Three clearly defined redox processes are observed whereby 

rapid electron transfer occurs between the electrode surface and the immobilized 

{W18}@SWNT. This is evident with only marginal increases in ΔEP observed with 

increasing scan rate (Figure 3D). Minor changes in peak-to-peak separations are 

observed (approx. 25 mV increase as scan rate increases from 0.01 to 1 Vs-1) until 

the voltammograms are recorded at much higher scan rates.  

The {W18}@SWNT system remains electrochemically active after over 30,000 

cycles (Figure 3C). This stability is expected to continue over prolonged cycling as 

the rate at which the current decreases, itself decreases over prolonged cycling. 

An initial decrease of approximately 51% is seen between the peak current of the 

first and one thousandth cycle (Figure A4). To see a similar decrease in peak 

current, the system must be subjected to almost another thirty thousand potential 

cycles. At which point, the {W18}@SWNT film continues to be electrochemically 

active, with all three redox processes remaining clearly accessible. 

This stability is hugely contrasting to that seen in non-acidic electrolyte systems 

(Figure 4A), clearly demonstrating the influence the cationic species can have on 

the capabilities of this redox-active hybrid material. All of this indicates that the 

proton is the optimal cationic species to allow efficient redox chemistry to occur. 

 

It is important to note that this prolonged stability cannot be recorded in a system 

where a Pt counter electrode is used. Often in POM voltammetry, features are 

seen which are commonly attributed to the formation of POM-derived hydrogen 

evolution; typically, a large increase in cathodic current seen at negative 

potentials. Recently, it has been proven that this characteristic can instead be a 
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direct result of dissolve Pt in the solution migrating onto the working electrode 

surface, catalysing the hydrogen evolution reaction.42 As a result, a glassy carbon 

counter electrode has been used throughout the experiments detailed within this 

study. 
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2.3 ‘Capped’ {W18}@SWNT Electrochemistry 
 

As ion transport within acidic electrolytes does not appear to be limited by the 

presence of the SWNT matrix, indicating that protons can readily flow to the 

encapsulated POMs with little restriction. This transport could be via both 

mechanisms previously discussed. In hope to isolate the ion diffusion via the 

nanotube sidewalls, the open ends of the nanotubes were ‘capped’ to block the 

flow of ions via this route. A simple method of capping was utilized. By applying 

2.77 mM fullerene (C60) in toluene suspension to the {W18}@SWNT film, the ends 

of the SWNTs become blocked by a large carbon matrix (Figure 5A). 

When a vacant SWNT system is subjected to this treatment, the interior of the 

nanotube becomes densely filled with C60 (Figure 5B). As the nanotubes within the 

{W18}@SWNT system are already filled, the addition of C60 does not result in the 

carbon peapod structure previously seen.43 The entry of the C60 deep into the 

interior channels of the nanotube is blocked by the encapsulated POM species, 

resulting in an accumulation of carbon species at the ends of the nanotubes. 

  

 
 
 

  
 

  
 
 

 
 

 
 
 

 
 

 
Figure 5. (A) TEM image of {W18}@SWNT post treatment with fullerene. Focusing 
on the edge nanotube, where both the encapsulated POM and the carbon matrix 

blocking the nanotube end can be seen. (B) TEM images of C60@SWNT highlighting 
two nanotube channels where the ‘peapod’ structure can be clearly seen. 

 

10 nm 

W18 

C60 

A 

10 nm 

B 
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Figure 6. (A) Cyclic voltammogram of immobilized {W18}@SWNT cycled at 0.1 V 

s-1 in 1.0 mol dm-3 LiClO4, pre (black) and post (red) treatment with C60. (B) Cyclic 
voltammogram of the first (black) and second (red) cycles of immobilized 
{W18}@SWNT recorded at 0.1 V s-1  in 1.0 mol dm-3 LiClO4 to indicate the typical 

current loss observed on subsequent cycles. (C) Cyclic voltammogram of 
immobilized {W18}@SWNT cycled at 0.1 V s-1 in 1.0 mol dm-3 H2SO4, pre (black) 

and post (red) treatment with C60. 
 
 

Voltammetry in both acidic and non-acidic electrolytes was recorded pre and post 

capping, to assess the influence this process can have on the different systems. 

When the capped system was studied in 1 mol dm-3 LiClO4 (aq.) a 73.5% decrease 

in peak current is observed (Figure 6A). For reference, a 22.8% decrease in peak 

current from one cycle to the next for the uncapped sample of {W18}@SWNT in 

this electrolyte is typically seen (Figure 6B). On further cycling any electrochemical 

activity still seen for capped material rapidly fades, which is a synonymous trait 

for the other non-acidic electrolytes. This indicates that blocking the ends of the 

nanotube has a profound impact on the electrochemistry displayed by the material 

A B 

C 
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when in environments reliant on the flow of larger cations, confirming that the 

major pathway leading towards to the POM is no longer accessible to the larger 

cations. 

 

When considering a system where the mechanism of ion transport does not appear 

to be sterically hindered, the effect of capping is significantly reduced. Capping 

experiments conducted in acidic electrolytes exhibit a positive shift in potential of 

the first redox couple seen as a direct result of the introduction of fullerene to the 

system. The peak potential positions of the remaining two redox processes remain 

unchanged (Figure 6C). The minor impact capping appears to have on the system 

suggests that proton diffusion to the POM is not particularly hindered by the 

process. This supports the notion that protons can diffuse though the hexagonal 

lattice of the nanotube sidewall, as a larger impact would be expected from the 

capping if the only route to access the POM was via the nanotube ends. There is 

also a possibility that due to their small size protons are still able to permeate 

through any nanocavities present with the carbon matrix now found at the 

nanotube ends.  

 

Occasionally decreases in peak currents are observed for post-capped samples, 

with this affect being more pronounce in the chloride electrolytes, despite this, the 

electrochemistry of {W18}@SWNT in acidic environments is always well defined 

and stable regardless of capping. As there are slight differences observed between 

the chloride and sulphate electrolytes this indicates that although the cationic 

species is clearly the prominent factor influencing the electrochemical behaviour 

of the system, the anion associated to the electrolyte can also be influential.44,45 

Further analysis of this secondary effect has not been carried out within this study. 
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2.4 Isotopic Influence on {W18}@SWNT Electrochemistry 
 

It can be clearly seen from the cyclic voltammetry data that the effectiveness of 

charge neutralisation in proton rich environments is considerably more efficient 

than when this process relies on larger cations. This is supported by the literature 

which outlines difficulties faced during ion transport through nanoconfined 

channels for larger cations.3 Also within the literature, the transport of protons is 

seen to be matched, albeit to a lesser extent with deuterons.2,44   

Investigation of the kinetic isotope effect can be pivotal in providing insight into 

redox mechanisms, in particular those mechanisms involving proton coupled 

electron transfer.45-49 Proton coupled electron transfer can be either stepwise or 

concerted, where the electron transfer and proton transfer occur separately, or 

simultaneously as part of the same rate-determining step.50,51 If a kinetic isotope 

effect is observed, this indicates the proton transfer and electron transfer may 

occur at different rates. 

 

Cyclic voltammograms of {W18}@SWNT were recorded in 1 mol dm-3 DCl and 1 

mol dm-3 D2SO4. As with their protonated counterparts three distinct sets of 

gaussian surface-confined redox processes were observed (Figure 7A and A5). The 

positions of these peaks shifted to more positive potentials from HCl to DCl and 

H2SO4 to D2SO4 by 28 mV and 26 mV, respectively. As this shift is observed it can 

be thought of that when in deuterated environments the redox processes occur 

more readily.  

A shift in potential such as this could easily be attributed to differences in pH; 

redox peaks tend to shift in a positive direction with as pH decreases.37,52 The pH 

values for all four acidic electrolytes were recorded on a standard H2O-calibrates 

glass electrode pH-meter: 1M HCl (pH 0.33), 1M H2SO4 (pH 0.38), 1M DCl (pH* 
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0.29) and 1M D2SO4 (pH* 0.28) (pH* - direct reading of a D2O solution using H2O-

calibrated pH-meter). Krezel et al. suggested an equation relating the acidities of 

H2O and D2O solutions measured using glass electrodes:53 

 

                                                      𝑝𝐾𝐻 = 0.929𝑝𝐾𝐻∗ + 0.42                          (4) 

 

This equation allows for a direct comparison of pH and pD data, previously this 

task has had its complications due to the different binding affinities H+ and D+ 

exhibit in solution. Converting the D2O measured values into H2O equivalents, 

takes the measured values of 1M DCl and 1M D2SO4 to pH 0.69 and 0.68, 

respectively. With these relative pH values greater than those observed for their 

protonated equivalents, a negative potential shift would typically be expected. 

Suggesting that the observed shift in potentials is not solely as a result of pH 

differences between the electrolytes but more an intrinsic property of 

{W18}@SWNT system. 

 

2.4.1 Kinetic Isotope Effect 

Rapid charge transfer kinetics are observed for the system in both protonated and 

deuterated electrolytes. The kinetic behaviour of these systems was investigated 

by varying scan rates and using the Laviron method54,56, this is the perfect system 

to be studied using the Laviron method due to its surface confined nature. The 

standard electron transfer rate constant (ks) and charge transfer coefficient (α) 

for each redox process can be determined using the relationship between varying 

peak potentials of both the reduction and oxidation processes and the logarithm 

of scan rate, as described by equation 455: 

                          𝐸𝑝 =  𝐸0 + (
𝑅𝑇

𝛼𝑛𝐹
) [𝑙𝑛 (

𝑅𝑇𝑘𝑠

𝛼𝑛𝐹
) − 𝑙𝑛𝑣]                      (5) 

 



20 
 

The standard electron transfer rate constant provides insight into the speed of 

electron transfer between the POM and the electrode surface at a standard 

potential and can be related to the rate of ion transport throughout the system.  

These factors can be determined from the linear portion of the Laviron plot 

observed at sufficiently high scan rates (example plot found in Figure 7B). For all 

conditions the asymptotes intersect y=0 at roughly the same point, as alpha falls 

between the range of 0.3 to 0.7, alpha can be assumed to be 0.5 for all conditions. 

This assumption results in a relative error of at most 6% on the resulting ks 

values.56  

The rate of electron transfer associated to the three redox couples can be 

determined and used to compare the apparent rate of diffusion of H+ and D+ ions 

throughout the carbon nanotube network towards the encapsulated POM (Figure 

7C, 7D and Table 1). There is a clear decrease in electron transfer rate constant 

as a result of the deuteration of the supporting electrolyte and solvent. Similar 

trends are seen between the HCl/DCl and H2SO4/D2SO4 electrolyte systems, 

suggesting that for each redox processes the cationic species interacts in a similar 

manner, albeit slower for the D+. The average decrease in rate constant is 21.3% 

and 15.9%, for DCl and D2SO4, respectively.  
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Figure 7. (A) Cyclic voltammogram of immobilized {W18}@SWNT recorded at 0.1 

V s-1 in 1 mol dm-3 HCl (red) and 1.0 mol dm-3 DCl (black). The differences in 
currents observed between the H+ and D+ voltammograms cannot be solely 
attributed to the electrolyte as the respective voltammograms are recorded on 

different electrodes so POM loading is variable and result in different peak 
currents. (B) Example Laviron plot for the first redox couple in 1.0 mol dm-3 H2SO4.  

(C) Rate constants for the three redox couples associated to the electrochemistry 
of immobilized {W18}@SWNT in 1.0 mol dm-3 HCl (black circles) and 1.0 mol dm-

3 DCl (red squares). (D) Rate constants for the three redox couples associated to 

the electrochemistry of immobilized {W18}@SWNT in 1.0 mol dm-3 H2SO4 (black 
circles) and 1.0 mol dm-3 D2SO4 (red squares).  

 

Table 1. Standard rate constants (s–1) for the three redox couples associated to 

the electrochemistry of immobilized {W18}@SWNT in 1.0 mol dm-3 HCl, 1.0 mol 
dm-3 H2SO4, 1.0 mol dm-3 DCl and 1.0 mol dm-3 D2SO4. 

 
                 {P2W18}8–  {H2P2W18}8– {H4P2W18}8– 

1 mol dm-3 

HCl            

82.4 75.4 73.4 

1 mol dm-3 

H2SO4 

94.4 81.6 86.7 

1 mol dm-3 

DCl            

61.3 62.4 58.0 

1 mol dm-3 

D2SO4 

74.6 71.8 74.0 

A 

D 

B 

C 
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Using the ratio of the rates calculated using the Laviron method for both the 

protonated and deuterated systems, the kinetic isotope effect (KIE) for these 

systems can be estimated. The average values for the KIE were found to be 1.27 

and 1.19 for the HCl and H2SO4 systems respectively, these ratios are in roughly 

in agreement with the mobilities expected for H+ and D+ in the measured 

environments. The ratio of mobilities of H+ in H2O and D+ in D2O (at 25°C) is 

1.4157, this is consistent with the diffusion rate expected for classical particles and 

is rationalized to be approximately inversely proportional to √m.44 A KIE around 

this value, could suggest that the rate limiting step can be attributed to the 

behaviour of the ions in the bulk solution.46,48  

 

It can be difficult to compare values found for the electron transfer kinetics of 

other systems as the POM structural type and electrode substrate can influence 

the kinetics massively.58 Literature shows rate constant values for POM-based 

systems can vary by a factor of 100.56,59-63 High electron transfer rate constant 

values (≤ 500 s-1) have been observed for a selection of POM systems, some of 

these values are considerably higher than the rate constants reported here.61 

When the system in question was subjected to the addition of a strong acid the 

POM reduction was seen to be thermodynamically facilitated (as seen in our 

system by the shifting of the electrochemical waves to higher potentials when in 

the presence of acidic electrolytes). However, this gain was found to be at the 

expense of the kinetics of the electron transfer whereby the rate constant was 

seen to decrease more than ten-fold (12 s-1).61 This indicates that our 

{W18}@SWNT film does exhibit relatively high rate constant values when 

measured in an acidic environment; the enhanced kinetics could be partially 
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attributed to the presence of the conductive carbon nanotube substrate.  

 

Although both systems exhibited rapid charge transfer kinetics, there is potential 

to exploit the system further to access even larger rate constants. It is naïve to 

assume that the existing {W18}@SWNT film studied here is a perfect monolayer 

immobilized onto the electrode surface. Heterogeneities and multilayer 

characteristics may be present within the system, potentially due to a degree of 

nanotube stacking within the film. When studying a multilayer surface-confined 

system it is important to consider diffusion-limitation within the system which can 

be attributed to the movement of electrons and counter ions between the redox 

centres found within the film.58 This effect is seen to a lesser extent within 

monolayer systems. By isolating a perfect monolayer of {W18}@SWNT there is the 

opportunity to reduce the impact of this diffusion process and hence result in faster 

overall charge transfer rate constants.60   

 

Investigations into the permeation of hydrogen isotopes through one-atom-thick 

crystals such as graphene, a comparable material to the CNT sidewalls, suggest a 

substantial isotopic effect.2 With the rate of hydron transport varying by 

approximately a factor of 10, due to the differences in activation barriers posed 

by the two-dimensional crystals studied for the two isotope species.  

We do not see a relationship such as this, indicating that our system is not limited 

by the rate of permeation of ions through the film. Hence, the proton coupled 

electron transfer exhibited by this system proceeds in a stepwise fashion. Although 

the transport of D+ may be restricted in comparison to H+ as suggested in the 

literature, the process is still suitability fast for application within a practical 

electrochemical system.  



24 
 

3. Conclusion 

A fundamentally simple system of {W18}@SWNT has been utilized to provide 

insight into the transport of cationic species within carbon nanotubes. The 

polyoxometalate, W18, acts as probe to measure the electrochemical response of 

the system, however any redox active species could be used assuming that they 

too can be encapsulated. Excellent redox properties are measured in acidic 

environments, for both H+ and D+ containing environments, however, limitations 

are seen for environments relying on the transport of larger cations (Li+, Na+, K+, 

NH4
+) throughout the CNT matrix.  

Capping the ends of the {W18}@SWNT with C60 provided evidence to support 

proposed mechanisms of cation transport throughout the nanotube system. 

Significant decrease in current was observed when measuring the 

electrochemistry of the encapsulated POM within the capped system when studied 

in non-acidic electrolytes. Suggesting larger cations flow through the ends of the 

nanotubes and are unable to diffuse through the nanotube walls. The impact of 

capping is considerably less significant when studied in acidic electrolytes 

suggesting smaller cations such as H+ and D+ can diffuse through both the ends 

and the sidewalls of the nanotubes. 

The permeation of H+ and D+ through the CNT is not rate limiting and occurs 

sufficiently fast for efficient reversible electrochemistry to occur. Consequently, 

kinetic isotope effects do not limit the use of deuterated acidic electrolytes for 

practical application in electrochemical systems that rely on the permeation of ions 

through two-dimensional crystals.   
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4. Future Work 

The simplicity of this electrochemical system lends itself to a host of further 

applications. If the method of spontaneous encapsulation can be utilised for a 

variety of redox active species, and similar electrochemical measurements can be 

carried out. Then the practical applications of X@SWNT as fundamental systems 

whereby ion transport can be assessed, can be confirmed. The successful 

encapsulation of other POM species has already been reported.1 The 

electrochemical responses seen of these materials in various supporting 

electrolytes indicate the versatility of ion transport study using nanoconfined redox 

active species. 

Due to the redox capabilities and stability of W18@SWNT within H+ and D+ rich 

environments, it is key to test the material in a more practical sense to assess 

their potential as electrode materials for energy storage applications. 
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5. Experimental 

K6[P2W18O62](H2O)14 was synthesised using literature methods64, by another 

chemist. 

To synthesis the POM@SWNT consisted of heating SWNTs (20 mg) at 600 °C for 

30 minutes. The resulting black solid (10 mg) was sonicated briefly in a POM 

solution (100 mg K6[P2W18O62](H2O)14 in 3 mL water). The resultant suspension 

was then stirred at room temperature for two days and filtered through a PTFE 

membrane (0.2 µm) to give a black solid. 

 

The electrochemistry measurements were recorded using a CHI760C potentiostat 

(CH Instruments). All measurements were carried out in a three-electrode 

electrochemical cell which comprises of a glassy carbon (GC) disc (3 mm diameter) 

working electrode, a GC rod counter electrode, and a saturated calomel reference 

electrode. Suspensions of 1 wt. % POM@SWNT and 3 wt. % 

polytetrafluoroethylene binder were prepared via sonication for 20 minutes, 

resulting in a black ink. 8 µL of the aqueous POM@SWNT ink was deposited onto 

the GC electrode surface and allowed to dry, resulting in a POM@SWNT film 

adsorbed onto the surface. To prepare the electrode before the POM@SWNT is 

added, the GC electrode was polished on felt polishing pads using aqueous alumina 

suspensions of increasing particulate size; 0.05 µm, 0.3 µm, 1.0 µm. The 

electrodes were placed in 5 mL of electrolyte solution, which was purged of air 

and the system was kept in an Ar atmosphere during the measurements. 

 

The method of capping the electrode is as follows: 10 µL of 2.77 mM fullerene in 

toluene suspension was drop-casted onto a dried glassy carbon POM@SWNT 

coated electrode, and allowed to dry, once dried 10 µL of toluene was added to 
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aid the capping process. 

 

Samples analysed via transmission electron microscopy (TEM) were prepared by 

sonicating the POM@CNT composites in propan-2-ol, which was then drop cast 

onto lacey carbon-coated copped TEM grids. The images were generated using a 

JEOL 2100+ TEM microscope, operated at 80 kV. 
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7. Appendix  
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 

 
 
 

 
 

Figure A1. TEM images of {W18}@SWNT - The TEM images show the typical 
‘peapod’ arrangement of POMs within a SWNT. By approximately measuring these 
molecules, their average size is seen to be 1.2 nm, which is in good agreement of 

the expected size of a Wells-Dawson POM (1.4 nm x 1 nm).  a) complete image, 
b) 20 nm x 20 nm image highlighted by the black box in image a, providing a 

closer view of the POM ‘peapod’ arrangement. The images were collected at an 
accelerating voltage of 80 kV. c) EDX spectra of {W18}@SWNT confirming the 
presence of all elements found within the POM (phosphorous, tungsten and 

oxygen) in the {W18}@SWNT sample. 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
Figure A2. Plot of peak-to-peak separation as a function of scan rate for the three 

redox couples seen in figure 3E. 

(a) 

(b) 

(c) 
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Figure A3. First and 50th cyclic voltammograms of {W18}@SWNT deposited onto 

a glassy carbon electrode and cycled at 0.1 mV s-1 in (A) 1M LiCl, (B) 1M LiClO4, 

(C) 1M Na2SO4 and (D) 1M NH4Cl. 

 
 

 
 

 
 
 

 
 

 
 
 

 
Figure A4. 1st to 30,000th cyclic voltammograms of {W18}@SWNT deposited onto 

a glassy carbon electrode and cycled at 0.1 V s-1 in 1.0 mol dm-3 HCl. 
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Figure A5.  Cyclic voltammogram of immobilized {W18}@SWNT recorded at 0.1 

V s-1 in 1 mol dm-3 H2SO4 (red) and 1.0 mol dm-3 D2SO4 (black). The differences 
in currents observed between the H+ and D+ voltammograms cannot be solely 
attributed to the electrolyte as the respective voltammograms are recorded on 

different electrodes so POM loading is variable and result in different peak 
currents. 
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