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Abstract 

Pristine carbon nanotubes have relatively weak electrocatalytic activity. On the other hand, due to the 

symmetry of the π-electron bands, nanotubes can be doped either donor or acceptor to optimize the kinetics 

of heterogeneous electron transfer. In this report, we focus on analyzing the effects of acceptor (boron), donor 

(nitrogen) doping and covalent functionalization of nanotubes with -OH group on the electrocatalysis of 

cathodic oxygen reduction (ORR) and hydrogen evolution reaction (HER), as well as anodic oxygen evolution 

reaction (OER). Simulations based on the Gerischer-Marcus model show that acceptor doping slightly shifts 

the onset of ORR and HER reactions to more negative potentials. At the same time, acceptor doping 

contributes to increasing the efficiency of the anodic OER by significantly reducing reaction overpotential. On 

the other hand, donor doping remarkably enhances the kinetics of ORR and HER, whose onset potentials are 

shifted to less negative potentials with respect of pristine CNTs by more than 0.4 V. We also show that covalent 

functionalization with an -OH group produces an effect analogous to acceptor doping. Experimental data 

obtained for pristine and hydroxylated CNT electrodes in aqueous 0.1 M KOH solution confirm the predictions 

of the Gerischer-Marcus model. The results presented outline a strategy for preparing electrode materials 

containing nanotubes in such applications as fuel cells, metal-air batteries and water splitting.  

Keywords: Carbon nanotubes, acceptor doping, donor doping, Gerischer-Marcus model, oxygen reduction 
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1. INTRODUCTION 

Carbon nanotubes (CNTs) are one of the most spectacular implementations of one-dimensional π-electron 

systems, in which efficient charge transport along the nanotube and susceptibility to modification by doping 

are possible. The unique electronic properties of CNTs enables their potential applications. In particular, 

carbon nanotubes have been considered as an electrode material in fuel cells [1-3], metal-air batteries [4-6] 

and electrochemical water splitting [7-10].  

The major challenge in the development of fuel cell technology is achieving low-cost non-precious metal ORR 

electrocatalysts, which characterize with low overpotential of the cathodic reaction and do not degrade. One 

of the suggested strategies is use of the heteroatom doped nanocarbons [11]. In metal-air batteries, on the 

other hands, the sluggish kinetics of the ORR/OER stands in the way of achieving satisfactory electrochemical 

performance [12]. In OER catalysis, the d-bands formed by 3d transition metal elements play an important role 

in influencing the strength of adsorption of reagents and intermediates. Currently, mainstream research 

focuses on high-entropy alloys containing, among others, Co, Ni, Cr, Mn, V, Ti, Fe, in which the position of the 

d-band center can be optimized by changing the content of the components [13]. Nevertheless, it has been 

shown that nanoparticles of transition metal alloys encapsulated in N-doped carbon nanotubes exhibit 

improved catalytic performance and lifetime [14]. The electrochemical water splitting involves OER at the 

anode and HER at the anode. The benchmark catalysts for the HER is Pt/C owing to their moderate chemical 
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bond strength with reaction intermediates. In general, 3d transition metals are widely recognized as HER 

catalysts [15]. In particular, it has been shown that deposition of single atoms of vanadium on C60 results in 

decreasing the energy barrier of the HER [16]. According to this report, the increase in HER efficiency was 

influenced by better orbital overlap between the carbon atoms in C60 and the two hydrogen atoms in the 

adsorbed water molecule. The result demonstrates that the role of the nanocarbon scaffold in donation/gaining 

electrons in ORR/OER/HER is just as important as the role of metallic reaction sites.  

Electronic properties of carbon nanotubes are determined by their π-electron band structure, which is 

symmetrical with respect to the charge neutrality point (CNP). In pristine nanotube, density of π-electron states 

(DOS) at CNP is close or equal to zero in metallic or semiconducting nanotubes, respectively. As we move 

away from CNP towards lower or higher energies, DOS increases. Thanks to this feature, it is very easy to 

change the major charge carriers between electrons and holes. Therefore CNTs, like graphene, are classified 

as ambipolar semiconductors [17]. These characteristics of CNTs allow us to control the concentration of 

electrons or holes through gating, which is implemented in FETs, or through doping. Doping strategies include: 

substitutional doping with heteroatoms [18, 19], covalent functionalization [20] and surface doping [21, 22].  

We show in this study that acceptor and donor dopants significantly influence the kinetics of heterogeneous 

electron transfer (HET) between CNTs and electroactive species in electrolyte. We focus on the three 

electrochemical reactions, ORR, HER and OER, which are particularly interesting in terms of energy 

conversion technology. The study is limited to the electrode reaction rates, we do not consider the effect of 

free energy changes for reactants and intermediates.  

2. METHODS 

DOS of pristine, B-doped, N-doped and -OH functionalized CNT(5,5) was calculated using density functional 

theory (DFT). As an initial model, nanotube made of 420 carbon atoms was considered. In calculations, the 

exchange-correlation functional ωB97XD [23] and 6-31G(d) basis set were used, which are a reasonable 

combination for studying the large organic systems [24]. For numerical simulations, the Gaussian16 

computational package was used [25]. To extract the DOS data from from Gaussian output data, we used 

GaussSum software (Version 3.0, https://gausssum.sourceforge.net/) [26]. 

Cathodic (anodic) reaction rates, kc (ka), have been calculated based on the Gerischer-Marcus integrals [27-

29] 

𝑘𝑐(𝐸) ∝ ∫ 𝑓(
∞

−∞
𝜖 − 𝑒𝐸) DOS(𝜖 − 𝑒𝐸) 𝑊𝑜𝑥(𝜖) 𝑑𝜖,           (1) 

𝑘𝑎(𝐸) ∝ ∫ [1 − 𝑓(
∞

−∞
𝜖 − 𝑒𝐸)] DOS(𝜖 − 𝑒𝐸) 𝑊𝑟𝑒𝑑(𝜖) 𝑑𝜖,          (2) 

where E is electrode potential, f (ϵ−eE) is the Fermi-Dirac distribution and 

𝑊ox,red(𝜖) =
1

4𝜋𝜆𝑘𝑇
exp (−

(𝜖−𝜖F,redox∓𝜆)
2

4𝑘𝑇𝜆
)            (3) 

are Gaussian distributions of electron states of oxidized and reduced form of redox couple in electrolyte. 

Oxidized and reduced states are located above and below Fermi level of redox species, ϵF,redox, respectively, 

and are separated by doubled reorganization energy, λ. The ϵF,redox is the equivalent of the thermodynamic 

standard potential of specific electrode reaction, E0. Standard potentials were converted to the absolute energy 

scale using the Trassati rule: ϵF,redox [eV] = −4.5 eV − eE (V vs. SHE) [30]. The simulations concerned the 

following electrode reactions: O₂ + 2H2O + 4e⁻ → 4OH− (ORR in alkaline media, E0 = 0.40 V vs. SHE), 2H+ + 

2e− → H2 (HER, E0 = 0.0 V vs. SHE), 2H₂O → O₂(g) + 4H⁺ + 4e⁻ (OER, E0 = 1.23 V vs. SHE). The 

reorganization energy, λ, was set to 0.5 eV.  

The ORR, HER and OER were measured in 0.1 M KOH aqueous solution in three electrode cell connected to 

a VIONIC potentiostat (Metrohm AG, Switzerland). Linear sweep voltammetry (LSV) measurements were 
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carried out on glassy carbon rotating disk electrode modified with commercial CNTs and OH−CNTs (Institute 

of Carbon Technologies Sp. z o.o., Toruń, Poland) at electrode rotation speed of 1600 rpm.  

3. RESULTS 

Figure 1 shows the positions of the standard redox potentials with respect to the electron states of CNT both 

in absolute energy and the electrochemical scale. In case of ORR and HER (cathodic reactions) the electron 

transfer occurs between filled states of CNT, i.e. product of DOS and f (ϵ), and unoccupied electron states of 

the oxidized form of redox couple, which are represented by Wox. The reverse process occurs during OER 

(anodic reaction), where electrons from filled states of the reduced form are transferred to the unoccupied 

states of CNT, which are represented by product of DOS and 1 − f (ϵ). The applied positive/negative potential 

E causes a shift of DOS and f (ϵ) to lower/higher energy. 

 

Figure 1 Distribution of electron states of CNT electrode represented by product of DOS and f (ϵ) and redox 

species represented by Wox and Wred. The positions of the standard potentials for ORR, HER and OER are 

marked as red horizontal dashes. 

3.1 Interstitial doping with B and N 

The impact of interstitial doping with boron on DOS is shown in Figure 2a. The energy ϵ = 0 corresponds to 

the ϵF. The DOS of the pristine nanotube is approximately symmetrical with respect to the Fermi level. Below 

and above the Fermi level, local maxima appear, which originate from the van Hove singularities. Valence and 

conduction bands below and above the ϵF are separated by a quasi-band gap with a width of approximately 2 

eV. Introduction of boron atoms into the tubule walls in concentration of 0.5 at% results in creation of new 

states above the edge of the valence band and narrowing of the band gap by about 0.5 eV.  

As we show in Figure 2b and c, changes in DOS caused by B-doping affect the curves of cathodic reaction 

rates, kc. Both in ORR and HER, onset potentials at B-doped CNT is slightly shifted to lower potentials. On the 

other hand, since lowering the electrode potential causes faster growth in the number of filled electron states 

participating in electron transfer, the slope of the kc curve is greater at B-doped CNT electrodes than at pristine 

CNTs. The curves of the OER rates are much strongly affected by acceptor doping (Figure 2d). In this anodic 

reaction participate unoccupied electronic states of CNTs, which, with increasing electrode potential, are 

gradually filled with electrons from reduced form of redox pairs. Since the increase in the number of unoccupied 

states with increasing positive electrode potential is much faster in acceptor-doped nanotubes than in pristine 

ones, we expect much better anodic reaction performance on boron-doped nanotubes. This is indeed the case. 

The onset potential on the B-CNT is as much as about 0.4 V lower than on the pristine CNT. Also, the slope 

of the ka curve is greater on the B-CNT electrode than on the pristine CNT ones.  

We observe the opposite effect when replacing C atoms with N. As a result of N-doping, donor states are 

formed below the edge of the conduction band, and the quasi-band gap narrows by approximately 0.5 eV 
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(Figure 2a). Acceptor states contribute significantly to the increase in cathode reaction efficiency. For both 

ORR and HER, the onset potential shifts by about 0.5 V toward less negative electrode potentials. The excess 

of electron carriers in the donor-doped electrode should hinder the efficiency of the anodic reaction 

(Figure 2d). However, we observe an increase in the slope of the ka curve on the N-CNT electrode compared 

to the pristine CNT electrode and an almost unchanged initial reaction potential. This can be easily explained 

if we consider that unoccupied electron states of the electrode participate in the anodic reaction. Interstitial N-

doping creates additional states below the conduction band edge, but does not lead to the disappearance of 

states just below the upper edge of the valence band. Therefore, the onset of the increase in the number of 

unoccupied states with increasing electrode potential will be similar for N-CNT and pristine CNT. In turn, the 

greater slope of the ka curve on the N-CNT electrode is caused by unoccupied states created by donor doping. 

 

Figure 2 DOS and corresponding electrode reaction rates of ORR, HER and OER. (a-d) Boron and nitrogen 

doped CNTs. (e-h) CNTs covalently functionalized with the −OH group. 

3.2 Doping by functionalization with -OH group 

Effect of hydroxylation on DOS of CNT is shown in Figure 2e. In general, covalently attached OH groups act 

as acceptor dopants, which is a consequence of the direct transfer of electrons from the nanotube to −OH. 

With increasing concentration of the attached −OH groups, new electronic states are created above the edge 

of the valence band. At the same time, electronic states above the edge of the conduction band disappear. 
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However, at higher −OH concentrations (5 at% OH), the narrowing of the quasi-band gap is observed, i.e. new 

states are also created below the edge of the conduction band of pristine CNT.  

The changes of DOS are reflected by changes of reaction rates for ORR and HER, which are shown in 

Figure 2f and g. The kc curves shift to more negative potentials by 0.1 V and 0.2 V with respect to pristine 

CNTs at the −OH concentration of 1at% and 3at%, respectively, and the cathodic reaction is impeded. 

However, at concentration of 5 at%, due to the states created below the edge of the conduction band, the kc 

curve shifts by about 0.1 V to the less negative electrode potentials with respect to pristine CNTs, and the 

cathodic reaction is facilitated. In the anodic OER shown in Figure 2h, the ka curve shifts significantly to less 

positive electrode potential with increasing −OH concentration. At the −OH concentration of 5 at%, the shift is 

as much as ~1 V. 

 

Figure 3 (a) TEM image of the examined OH-CNTs. (b) Raman spectra of pristine and -OH functionalized 

carbon nanotubes. (c) LSV curves of ORR measured in O2 saturated 0.1 M KOH aqueous solution at RDE 

speed of 1600 rpm. (d) and (e) LSV curves of HER and OER in N2 purged 0.1 M KOH aqueous solution at 

RDE speed of 1600 rpm. 

To assess the extent to which the presented calculations reflect realistic physical systems, measurements of 

ORR, HER, and OER were performed on commercial pristine and −OH functionalized multiwalled CNTs shown 

in Figure 3a. Functionalization causes changes in the position and intensity of the main Raman features, which 

are shown in Figure 3b. The relative intensity of the defect induced D band in the Raman spectrum increases 

in the −OH functionalized CNTs [31]. The doping effect caused by functionalization is reflected by the shift of 

the Raman G and 2D bands to higher wave numbers by 2.7 and 3.5 cm-1, respectively. In Figure 3c, we show 

the LSV curves for ORR recorded in 0.1 M KOH aqueous solution. The onset potential for ORR at the 

hydroxylated CNT electrode is shifted to less negative potential by ~0.1 V with respect to the pristine CNT 

electrode. A greater slope of the ORR curve was also observed on the OH-CNT electrode than on pristine 

CNT. These results are consistent with the model predictions for nanotubes with an −OH group concentration 

of 5 at%. HER measurements shown in Figure 3d give similar results. A significant shift of the onset potential 

of cathodic reaction to less negative electrode potentials and an increase in the slope of the j(E) curve at OH-

CNT electrode with respect to the pristine CNT are also observed. LSV data for OER shown in Figure 3e are 
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consistent with calculations as well. The onset potential for OER at the OH-CNT electrode is shifted to lower 

potentials by as much as ~0.8 V with respect to the pristine CNTs. The increased slope of the j(E) curve on 

the OH-CNT electrode is also apparent.  

4. CONCLUSION 

We have shown that CNTs, despite low catalytic activity compared to intensively studied transition metal oxides 

and alloys, are good benchmark system for studying of the doping effect on catalysis of ORR, HER and OER. 

Simulations based on the Gerischer-Marcus model show that donor doping caused by substitution of carbon 

atoms with N atoms results in reduction of overpotential for ORR and HER (cathodic reactions) and increasing 

of the slope of kc(E) curve. A similar phenomenon, i.e. reduction of overpotential for OER (anodic reaction) 

and increasing of the slope of ka(E) curve, is caused by introduction of acceptor dopant (boron) into nanotube 

walls. In summary, donor doping facilitates cathodic reactions, while acceptor doping facilitates anodic 

reactions. The acceptor doping effect can be also achieved by hydroxylation of nanotubes. Simulations show 

that at −OH concentrations of 1at% and 3at%, the cathodic ORR and HER are hindered, while the efficiency 

of the anodic OER significantly increases. At sufficiently high −OH concentration of 5at%, both cathodic and 

anodic reactions are facilitated. The predictions of the Gerischer-Marcus model have been experimentally 

confirmed for hydroxylated CNTs. 
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