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ABSTRACT Nitroxide radical polymers (NRPs) are widely used as electroactive materials in a 

range of electrochemical applications, however, their preparation can be complex. Polyamine 

Immobilised Piperidinyl Oxyl (PIPO) is a commercially available, well-defined, NRP whose 

electrochemical properties have not been explored to date. Cyclic voltammetric (CV) studies 

demonstrate the electroactivity of PIPO in a range of organic electrolytes, displaying quasi-

reversible redox waves, characteristic of a nitroxide radical / oxoammonium couple, with 

midpoint potentials in the range of 0.2 to 0.3 V vs. Fc+ / Fc. When immobilised at a graphite 
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electrode surface, PIPO maintains its electroactivity, forming stable, swellable films in 

acetonitrile-based electrolyte. Voltammetric and potentiometric analyses indicate that films can 

undergo repeated charge / discharge cycling, possibly facilitated by a diffusional controlled 

‘electron hopping’ process. Furthermore, CV studies indicate that PIPO is an effective surface 

confined electrocatalyst for oxidation reactions of relevance to organic electrosynthesis and to 

lithium-air battery development. Such insights establish the basis for further investigations of 

PIPO as an accessible, cost-effective, and adaptable electroactive material for electrocatalytic 

and energy storage applications. 

 

1. Introduction 

Molecules bearing stable nitroxide radicals, such as TEMPO (Figure 1a), have been widely 

studied in electrochemical settings ranging from their use as electrocatalysts for organic 

transformations [1], to their use as charge carriers in energy storage devices [2]. Their broad 

applicability centers on the electrochemical reactivity of the nitroxyl radical; oxidation produces 

a stable oxoammonium cation whist reduction generates an aminoxyl anion which, depending on 

the chemical environment, can readily undergo protonation to form a secondary hydroxylamine 

(Figure 1c).  In many cases, integration of nitroxide radical molecules as pendant groups bound 

to a polymer backbone can increase their functionality relative to their ‘free’ molecular forms 

[3]. For instance, NRPs have been extensively investigated as cathodic materials in ‘all organic’ 

batteries [4, 5], as charge carriers in redox flow cells [6-8] and as solid-state charge transport 

layers in organic-based memory devices [9, 10].  
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The synthesis of well-defined NRPs is a nontrivial task however, as, due to the radical 

scavenging properties of nitroxides, conventional free radical polymerisation (FRP) of nitroxide 

radical monomers is not possible [3, 11]. Therefore, alternative, multi-step, synthetic routes are 

generally employed. For example, poly(2,2,6,6‐tetramethylpiperidinyloxy‐4‐ylmethacrylate 

(PTMA), the most widely studied NRP in polymer‐based batteries, is generally prepared through 

FRP of a 2,2,6,6-tetramethylpiperidyl-4-methacrylate (TMPM) monomeric precursor, followed 

by chemical oxidation of the amine bearing piperidine pedant groups to yield the piperidinyloxy 

derivatised polymer [12]. The uncontrolled nature of the FRP process, however, can lead to large 

batch-to-batch variations in polymer weight, dispersity and architecture. Reversible 

addition/fragmentation chain transfer polymerization [13], anionic [14] and cationic [15] 

polymerisation, ring opening metathesis polymerization [9] and group transfer polymerization 

[16] have been successfully employed to yield well-defined, NRPs suitable for electrochemical 

applications. Such protocols, however, generally involve stringent experimental conditions 

(solvent and monomer purity), employ expensive reagents and can be low yielding [2]. 

Considering this, the use of commercially available, well-defined, NRPs could alleviate the 

laboriousness, expense and scalability issues associated with their preparation. To the best of our 

knowledge, Polyamine Immobilised Piperidinyl Oxyl (PIPO), registered as Oxynitrox® S100, 

shown in Figure 1b, is the sole commercially available NRP that displays solubility in a range of 

organic solvents, [17-19] thus enabling modification of electrodes [20].  Moreover, a well-

established, highly scalable synthetic route to PIPO is available [18], via the single step oxidation 

of Chemassorb® 944, a hindered amine stabilizer widely used in the plastic industry [21]. 

Interestingly, the electrochemical properties of PIPO have not been explored to date.  In this 

work, we examine the electrochemical properties of PIPO in a wide range of organic electrolytes 
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and provide a preliminary evaluation of the charge transport / storage and electrocatalytic 

properties of PIPO films immobilized at carbon electrode surfaces. 

 

 

 

Figure 1. Structures of (a) TEMPO and (b) Polyamine Immobilised Piperidinyl Oxyl (PIPO) and 

(c) Nitroxide radical redox chemistry. 

 

2. Experimental 

2.1. Chemicals and Materials. 

PIPO / Oxynitrox® S100 (average molecular weight ca. 2250) was purchased from Alfa Aesar 

(Cat. No. H27530). Tetrabutylammonium perchlorate (TBAP) and lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) was purchased from TCI, Europe. Glassy carbon 

(GC) disc electrodes (3 mm diameter) were obtained from CH Instruments (Cat. No. CHI104). 



 5 

E°ʹ =
(𝐸𝐸𝑝𝑝𝑝𝑝 + 𝐸𝐸𝑝𝑝𝑝𝑝)

2
 

Graphite rods (3.05 mm diameter × 305 mm long) were purchased from Fisher Scientific (Cat. 

No. 11430341). Graphite rods were cut to a length of ca. 5-7 cm and shrouded in PTFE heat-

shrink tubing (RS Components), leaving about 1 cm at one end exposed for connection to the 

potentiostat. The other end was trimmed using a sharp blade and polished using 400 grit size 

sandpaper to yield the graphite disc working electrode. Benzylamine, lithium peroxide, 2,6-

lutidine and all solvents were obtained from Sigma-Aldrich.  

2.2. General methods 

PIPO solutions were prepared by addition of an appropriate mass of the polymer to each solvent 

to achieve the desired weight by volume (w/v) concentration followed by stirring for 5 – 30 

mins. TBAP was then added to each solution followed by further stirring for 5 mins. PIPO films 

were prepared by drop coating 5 μL of a 10 mg ml-1 PIPO solution (dissolved in THF) onto the 

working electrode (GC or graphite), followed by room temperature drying for 24 hours. 

2.3. Electrochemical measurements and calculations. 

Cyclic voltammograms (CVs) and chronopotentiograms were recorded using a PalmSens4 

potentiostat. Measurements were recorded in a single compartment electrochemical cell (3 ml 

volume) containing a GC disk or graphite disk working electrode, an Ag / Ag+ pseudo-reference 

electrode and a Pt wire counter electrode. Potentials were adjusted using a ferrocenium / 

ferrocene (Fc+ / Fc) internal reference.  

Redox potentials (E°ʹ) were estimated from CVs recorded at a scan rate of 0.1 V s-1 according 

to the following equation: 

(1) 

 

where Epa and Epc are the anodic and cathodic peak potentials, respectively. 
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Electrochemical impedance spectroscopic (EIS) measurements were recorded for PIPO 

solutions over a frequency range of 100 kHz to 0.1 Hz with an ac signal of 10 mV amplitude. An 

initial EIS measurement was recorded using a ‘dummy cell’ (Randles cell) with a known 

‘uncompensated’ resistance value (500 Ω) and fitted to an equivalent Randles circuit (R(RC)) to 

verify functionality. All EIS data was fitted to equivalent circuits using PSTrace 5.8 software. 

 

3. Results and Discussion. 

3.1. Electrochemical Characterisation of PIPO. 

A solvent screening study was initially undertaken to identify suitable electrolytes for the 

preliminary electrochemical analysis of PIPO. The following solvents were selected, each with a 

dielectric constant (ε) > 5 to permit the addition of TBAP supporting electrolyte: 

dimethylformamide (DMF), dimethyl sulfoxide (DMSO), N-methyl-2-pyrrolidone (NMP), 

valeronitrile (VN), dichloromethane (DCM), 1,2-dimethoxyethane (DME), tetrahydrofuran 

(THF), acetonitrile (MeCN) and water (H2O). Thereafter, the ability of each solvent to dissolve a 

sufficient quantity of PIPO to prepare a 3 mg ml-1 solution (corresponding to a monomeric molar 

concentration of 5 mM) was tested. From visual observations, PIPO was readily soluble in DCM, 

THF, and NMP whilst complete solvation in VN, DMF and DME required stirring for 30 

minutes. PIPO was sparingly soluble in MeCN and insoluble in DMSO and H2O, in agreement 

with previous studies.[17, 18] TBAP, used as a supporting electrolyte (0.15 M), was then added 

to each solution prior to CV analysis. CVs recorded over a scan rate range of 0.1 to 0.5 V s-1, 

displayed well-defined voltammetric peaks (Figures 2 and S1), indicative of the reversible N-O⋅ / 

N+=O redox couple [1]. 
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Redox potentials (E°ʹ) span a 0.07 V range and display a loose correlation to Gutmann solvent 

donor number (DN) [22] as shown in Figure S3, presumably due to stabilisation of the oxidised 

oxoammonium species in the presence of high DN solvents, thus shifting potentials to more 

negative values. The redox potential of the ferrocenium / ferrocene (Fc+ / Fc) redox couple, used 

as an internal reference potential, is also sensitive to electrolyte composition [23] which hinders 

direct comparison of E°ʹ values of N-O⋅ / N+=O redox couples measured in each solvent. Of the 

electrolytes tested (containing 0.15 M TBAP), CVs recorded in DMF display closest to 

Nernstian reversible behaviour with a ΔEp of 96 mV measured at 0.1 V s-1 scan rate (note: ohmic 

drop was not compensated for in this measurement).  

 

 

Figure 2. CVs of PIPO (3 mg ml-1) in DMF containing 0.15 M TBAP electrolyte over a scan rate 

range of 0.1 – 0.5 V s-1 (from the lowest to highest peak currents) recorded at a GC electrode. 
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Similar quasi-reversible CV responses were observed for the other electrolytes shown in Table 

S1 with ΔEp values ranging from 131 mV in NMP electrolyte to 473 mV in THF electrolyte 

(Figure S1). A clear trend of ΔEp vs solvent dielectric constant (ε) is evident (Figure 3), 

reflecting enhanced supporting electrolyte ion-paring in low polarity solvents, lowering their 

relative conductivity [24]. The effect is also seen in the uncompensated ohmic resistance (Ru) 

values, estimated using EIS (Figure S2) and listed in Table S1, for each electrolyte which also 

scale with ΔEp values. This indicates that electrolyte resistivity is a significant contributor to the 

distorted nature of CV responses observed in low polarity solvents.  

 

 

Figure 3. Plot of peak-to-peak splitting (ΔEp) versus dielectric constant (ε) for PIPO solutions (3 

mg ml-1) evaluated from CVs recorded in each solvent containing 0.15 M TBAP as supporting 

electrolyte. Dielectric constants were obtained from ref [25]. 

Increasing the supporting electrolyte concentration resulted in markedly lower ΔEp values, 

recorded at 0.1 V s-1 scan rate, in all electrolytes (Figure S4). The effect was most apparent in 



 9 

highly resistive solvents, DCM, THF and DME. For example, the ΔEp value decreased from 473 

mV to 201 mV in THF containing 0.15 M and 0.5 M TBAP, respectively (Figure S4). Notably, 

the slight variation in formal potential and peak shape observed with different supporting 

electrolyte concentrations in each solvent shows that voltammetric responses are affected by 

additional, convoluted, processes such as ion-pairing events [26], rather than solely by a simple 

one-electron charge transfer process. A more striking decrease in ΔEp values was evident when 

the bulk concentration of PIPO was reduced, from 3 mg ml-1 to 0.6 mg ml-1, in solvents 

containing 0.15 M TBAP (Figure S5), presumably due to the increased supporting electrolyte to 

PIPO concentration ratio which can mitigate migration mass transport effects [27], and lower 

ohmic drop due to decreased current. 

CVs recorded in MeCN, containing 0.15 M TBAP, display relatively low peak currents 

(Figure S6), reflecting the comparably low solubility of PIPO in this solvent. A consistent ΔEp 

value of 60 mV was evident over the scan rate range of 0.1 to 0.5 V s-1, reflecting the 

electrochemical reversibility of the redox couple and indicating that the CV responses are 

primarily influenced by mass transport. Indeed, a plot of peak current versus square root of scan 

rate (ip vs. v½) reveals a linear correlation (Figure S6) indicative of diffusion-controlled charge 

transfer process [27]. 

The above CV studies confirm the electroactivity of the piperidinyloxy moieties of PIPO in a 

range of organic electrolytes, undergoing a quasi-reversible one electron transfer reaction with a 

GC electrode surface. This is significant, as the electrochemical accessibility of the catalytically 

active oxoammonium cation (N+=O) is a necessary step for the use of nitroxide radical 

complexes as electrocatalysts in most oxidative organic transformations [1]. Additionally, the 

potential of the N-O⋅ / N+=O redox transition (ca. 0.2 - 0.3 V vs Fc+ / Fc, corresponding to ca. 
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3.6 - 3.7 V vs Li+ / Li) [28] is sufficiently positive to warrant further investigation as a potential 

cathodic material / electron mediator in energy storage applications. In this regard, a preliminary 

study of the electrochemical behaviour of PIPO films immobilised at GC and graphite electrodes 

is presented in the next section. 

  

3.3. Electrochemical characterisation of PIPO films. 

Films composed of NRPs display relatively large self-exchange constants (105 – 107 M-1 s-1), 

heterogeneous charge transfer kinetics (10-4 – 10-6 cm s-1) and electron diffusion coefficients (10-

8 – 10-10 cm2 s-1) [4, 5, 9, 14, 29-31], which makes them interesting candidates as a cathodic 

materials in the development of ‘organic radical batteries’ [32] and, more recently, as polymer 

gel electrolytes in supercapacitors [33]. For electrochemical functionality, films must swell in the 

electrolytic medium to permit ingress / egress of solvent molecules and ions whilst maintaining a 

strong attachment to the electrode surface [34]. Therefore, a MeCN-based electrolyte was 

selected to analyse the performance of PIPO films, which, we reasoned may satisfy the above 

conditions due to the very limited solubility of PIPO within this solvent. Initial CV analysis of 

PIPO films, immobilised on a GC electrode, in this electrolyte showed characteristic peaks of the 

N-O⋅ / N+=O redox couple which declined rapidly upon repeated voltammetric cycling (Figure 

S7). The poor film stability observed may result from weak surface adsorption and / or excessive 

solvation of PIPO in the electrolyte resulting in rapid dissolution from the surface into the bulk 

solution. Substitution of the smooth GC electrode with a graphite disc electrode produced a 

considerably more stable response, reflected by the consistent overlapping of CVs with repeated 

cycling (Figure 4). The improved response may be a result of increased π-π interactions between 

the polymer structure and the relatively rough graphite surface. The initial decrease in current, 
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prior to scan stabilisation, may result from film swelling which decreases the redox moiety 

concentration within the film, leading to gradually lower faradaic peak current over time until a 

steady state response is achieved. 

 

 

Figure 4. Multiple scan CVs of PIPO modified graphite electrodes in MeCN containing 0.15 M 

TBAP electrolyte at scan rate of 0.1 V s-1. Every 10th scan is included for clarity. 

 

At sufficiently high scan rates, only a portion of the sites within the polymer film undergo 

oxidation / reduction, as the depletion layer does not extend all the way to film / solution 

interface, and semi-infinite diffusion is observed. CVs recorded at high scan rates, presented in 

Figure S8, indicate semi-infinite diffusional charge transport within the redox film at these scan 

rates. In the absence of a thickness assessment for these films and, hence, an estimate of C, only 

the quantity D½C can be evaluated, where D is the homogeneous charge transport diffusion 
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coefficient and C is the effective concentration of TEMPO moieties within the film. A D½C 

value of 6.85 × 10-8 cm-2 s-1/2 mol is obtained for the PIPO film, which is in the same order as 

that observed for other non-conjugated redox polymers in which diffusive ‘electron-hopping’ is 

the dominant charge transport mechanism [35-39]. 

At sufficiently slow scan rates, the redox sites within the adsorbed film are exhaustively 

oxidised or reduced. A linear correlation of ip vs v (Figure S9), from CVs recorded at slow scan 

rates (1 – 5 mV s-1), is indicative of a diffusionless electrochemical system [40]. Where there are 

no lateral interactions between surface-confined redox centers and a rapid equilibrium is 

established with the electrode (ideal reversible system), a zero ΔEp value and a full width at half 

maximum (FWHM) of 90.6 mV / n (where n = the electron stoichiometry) is expected under 

finite diffusional conditions [27]. Over the scan range of 1 to 5 mV s-1, a constant ΔEp value of 

16 ± 2 mV and a FWHM of 96.5 ± 5 mV (FWHM estimated from the cathodic peak), 

corresponding to the transfer of one electron per redox event, is observed (Figure 5a and Figure 

S9). The slight deviation from ideality may arise from lateral repulsive interactions between the 

charged redox sites and/or charge transport limitation by sluggish counterion movement into / 

out of the polymer film required for charge balance [34]. A slight asymmetry is evident between 

anodic and cathodic peaks which may reflect structural heterogeneity within the film [41]. 

A plot of faradaic peak area of the anodic scan sweeps (A V) versus scan rate (V s-1) yields a 

slope (Q) of 3.48 × 10-4 C, corresponding to the charge passed for complete oxidation of the film 

(Figure S10). Figure 5b shows galvanostatic cycling of the film using a charging / discharging 

current of 5 μA, equivalent to 4.5 × 10-4 C per charge / discharge cycle. The charging / 

discharging potential range of ca. 0.22 V to 0.37 V vs. Fc+ / Fc aligns well with the redox 

potential of the N-O⋅ / N+=O redox couple within the film (0.33 V vs. Fc+ / Fc), whilst the 
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symmetrical response over time shows that the film may be charged / discharged repeatedly 

without any obvious change in charge storage ability. 

 

Figure 5. (a) CV of a PIPO modified graphite electrode in MeCN containing 0.15 M TBAP 

electrolyte at 5 mV s-1 scan rate. (b) Charge / discharge curves for the PIPO modified graphite 

electrode at a charge / discharge current of 5 μA. 
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Whilst these preliminary studies demonstrate favourable electrochemical characteristics of 

PIPO films, further studies are necessary to optimise experimental parameters (e.g. electrolyte 

composition, electrode / film modification) to improve stability and performance. For example, 

chemical crosslinking [42, 43], covalent immobilisation [44] and encapsulation [45] have been 

shown to significantly improve stability of other NRP films. Moreover, further testing in an 

expanded range of pure or mixed solvent electrolytes, e.g. linear and cyclic carbonates, may lead 

to improvements in electrochemical performance. 

 

3.3. Electrocatalytic properties of PIPO. 

NRP films, immobilised at electrode surfaces, have been extensively used as electrocatalytic 

matrixes for a wide range of organic transformations [1]. A simplified scheme depicting the 

electrocatalytic process for such transformations is shown in Figure 6a. Initially, we tested the 

ability of PIPO films, immobilised at graphite electrodes, to electrocatalyse the oxidation of 

benzylamine, a known substrate of nitroxide radical electrocatalysts [46-50]. MeCN [46-48] or 

mixed MeCN / H2O based [49, 50] electrolytes, containing a Brønsted base (used to promote 

proton-coupled electron transfer step(s) in the catalytic cycle) have been routinely employed in 

such studies. Figure 6b shows CVs of PIPO films in MeCN electrolyte, containing of 2,6-lutidine 

(0.1 M), in the absence and presence of various concentrations of benzylamine. A concentration 

dependent increase in oxidation current is evident in the presence of benzylamine, indicating 

oxidative turnover of the substrate at the electrode surface. Moreover, the change in CV shape 

from a reversible redox couple, in the absence of substate, to a progressively sigmoidal character 

with increasing substrate addition is consistent with an ECʹ reaction mechanism [51] whereby the 

reduced form of catalyst is continuously re-generated at the electrode surface via catalytic 



 15 

turnover of the substrate (Figure 6a). Similar CV responses have been reported for 

electrocatalytic amine oxidation using analogous polyacrylic-based TEMPO polymers as an 

electrocatalyst [47, 48]. Due to the interest in the use of NRPs as homogeneous ‘polymediators’ 

in organic electrosynthesis [52], we also investigated PIPO as a homogeneous electrocatalyst for 

benzylamine oxidation in DCM-electrolyte. In line with that observed for PIPO films, CV 

responses, indicative of the electrocatalytic turnover of benzylamine, were obtained (Figure 

S11), demonstrating the extension of PIPO to homogeneous electrocatalytic systems. 
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Figure 6. (a) Simplified reaction mechanism for TEMPO-polymer redox electrocatalysis. (b) 

CVs of PIPO films in MeCN containing 0.1 M 2,6-lutidine and 0.15 M TBAP in the presence of 

(i) 0 mM, (ii) 10 mM, (iii) 20 mM, (iv) 30 mM and (v) 40 mM benzylamine at 0.1 V s-1 scan 

rate. (c) CVs of PIPO films in MeCN containing 0.15 M TBAP in the (i) absence and (ii) 

presence of Li2O2 (10 mg ml-1) dispersed in solution, 1 mV s-1 scan rate. 
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To test the substrate scope further, we next examined the ability of PIPO films to facilitate the 

electrocatalytic oxidation of lithium peroxide (Li2O2), an insoluble, insulating product formed at 

the cathodes of Li-O2 batteries during discharge [53]. Previous studies have shown that both 

molecular [54-56] and polymeric [57] TEMPO-based complexes can effectively mediate Li2O2 

oxidation, which is postulated to occur via the following reaction steps [53]: 

 

2TEMPO → 2TEMPO+ + 2e-     (2) 

2TEMPO+ + Li2O2 → 2TEMPO + 2Li+ + O2   (3) 

 

By offering an alternative, less energetically demanding reaction route, the redox mediator can 

facilitate the decomposition of Li2O2 at a considerably lower overpotential relative to direct 

Li2O2 oxidation [53]. The use of a redox mediator to facilitate this process can significantly 

decrease the charging potential of the Li-O2 battery and, thereby improve its energy efficiency 

and long-term stability. Furthermore, immobilisation of the redox mediator at the electrode 

surface can further enhance battery performance as degrading side-reactions, which occur with 

freely diffusing redox mediators, are minimized [57]. 

To test the stability of the PIPO under conditions representative of Li-O2 battery cycling, 

multiple scan CVs were recorded over an expanded potential range to include low potential 

regions where reactive oxygen species may be generated in aerated electrolyte (Figure S12). The 

lack of any major change in CV response suggests that the complex remains stable over this wide 

potential range within the timescale of the experiment. To test the ability of PIPO films to 

oxidise Li2O2, slow scan rate (1 mV s-1) CV measurements in the absence and presence of solid 

Li2O2 dispersed in solution were performed in MeCN containing 1 M LiTFSI (Figure 6c). A 
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small, but notable, increase in oxidation current is evident in the presence of Li2O2, reflecting 

slow, but observable, turnover of the substrate. The solid-state nature of the substrate may result 

in a relatively slow chemical oxidation step, compared to fully solvated substrates, thus limiting 

the rate of catalyst regeneration at the electrode surface, and explaining the low turnover rate 

observed. Using linear sweep voltammetry (LSV), Ko et al. [57] reported similar oxidative 

current-potential responses for PTMA coated carbon electrodes, in the absence and presence of 

Li2O2, under comparable conditions. PTMA coated ‘air’-electrodes, described in this study, were 

found to significantly improve the stability and performance of an assembled Li-O2 battery, 

when compared to the same battery configuration using unmodified ‘air’-electrodes.[57] 

 

Conclusions. 

In this work, the electrochemical characteristics of PIPO were examined in a range of organic-

based electrolytes. CV analysis in each solvent (DMF, NMP, VN, DCM, THF and DME), 

containing TBAP as supporting electrolyte, reveals a quasi-reversible redox couple characteristic 

of a N-O⋅ / N+=O redox transition, with E°ʹ values in the range of 0.2 - 0.3 V vs Fc+ / Fc. The 

reversibility of the CV redox couples in each solvent are strongly influenced by solvent polarity 

and supporting electrolyte to redox species concentration ratio, particularly in low polarity 

electrolytes (ε < 10). When immobilised at a graphite electrode surface, PIPO formed stable, 

swellable, films in MeCN-based electrolyte. High scan rate dependent CV analysis of films 

indicated a semi-infinite diffusional response which may reflect a diffusive ‘electron hopping’ 

charge transport mechanism within these films, consistent with the known charge transport 

mechanisms of analogous NRP films. Potentiometric studies indicate that PIPO films can be 

repeatedly charged / discharged without any noticeable detrimental effects. Furthermore, in line 
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with the known electroactivity of nitroxide radical complexes, PIPO films show electrocatalytic 

activity towards the oxidation of substrates of relevance to organic electrosynthesis and Li-O2 

battery development. Such insights provide the basis for ongoing and future investigations into 

PIPO as an accessible, economic, and adaptable material for electrocatalytic and energy storage 

applications. 
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