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Abstract

Carbon nanotubes (CNTs), while inactive by themselves, are often used as a plat-

form in the search of new catalysts for the hydrogen evolution reaction (HER) by

introducing metal nanoparticles or other dopants. Here, we examine the HER activity

of pristine open-ended CNTs considering both the effects of chirality and hydrogen cov-

erage using electronic structure calculations. The results indicate that the formation

of different 5-ring structures at the end of the CNT introduces surface sites that are

highly active towards HER, whereas the activity of traditional 6-ring sites is not greatly

altered by tube termination. At fixed hydrogen coverage, the enhanced activity of these

sites was attributed to valence orbitals residing close to the highest occupied molecular

level facilitating electron transfer to protons.
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Carbon-based catalysts are an attractive class of materials for the hydrogen evolution

reaction (HER) due to their versatility and the abundance of carbon. The catalytic activity

of pure carbon compounds, such as nanotubes (CNTs) or graphene, is however insufficient

for practical applications. Common strategies to enhance activity include doping with other

nonmetals, e.g. nitrogen or sulfur,1,2 functionalizing carbon with for instance acidic groups, 3

or adding metal-rich nanoparticles either by decorating 4–7 or encapsulating8–11 them, to name

just a few possibilities.

Density functional theory (DFT) simulations have deepened our fundamental under-

standing of HER on transition metals exemplified by studies ranging from characterizing

elementary reaction steps on Pt,12 binary alloy screening,13 and to explaining the electronic

origins of HER activity.14 By contrast, the number of studies15–18 exploring HER on carbon-

based materials remains scarce and there is no theory motivated consensus on, for example,

which dopants contribute to HER activity. In this Letter, we consider pristine open-ended

CNTs and demonstrate how the reactivity of carbon can be tuned by the formation of 5-ring

structures.

Figure 1 shows the studied open-ended CNT model systems which depending on tube

chirality become terminated by a mixture of carbon 5-rings and fused 5-rings, or by 6-rings

following a geometry optimization in the presence of hydrogen. To assess how hydrogen binds

to different surface sites, which are labeled according to Figure 1, vacuum adsorption energies

were calculated for different surface hydrogen coverages using the methodology detailed in

the Supporting Information with calculated values presented in Tables S1-S2. Additionally,

total projected density of states are given in Figure S1 for the considered surface sites,

demonstrating that each site type introduces electronic states near the Fermi level of the

CNTs but that the phenomenon is more pronounced on the 5-rings. Regardless of surface

site, adsorption energies are strongly correlated with the distribution adsorbed hydrogen

atoms near the surface site. Two opposite effects are present: direct neighbors decrease

adsorption energies while neighbors two C-C bonds distant increase them. The effects also
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Figure 1. Investigated model systems of open-ended CNTs. The (17, 0) CNT is terminated
on both sides by a mixture of carbon 5-rings and fused 5-rings, while the (10, 10) CNT is
terminated solely by 6-rings. Reaction sites are labeled according to the insets with the
addition that the site between any 5-rings is labeled 9. Due to symmetry, primed and
unprimed sites are expected to be equally reactive and are considered as a single site type.

extend to adjacent rings on the edge of the open-ended CNTs. Identical behavior has been

reported for pristine CNTs18 allowing us to predict which configurations are HER active.

Specifically, configurations with large, positive adsorption energies should be most reactive

towards the Heyrovsky step (H+ + e− +H∗
→ H2) of HER, while the reverse should hold for

the Volmer reaction (H+ + e− → H∗). Thus, maximizing HER activity requires both steps

to be balanced. In this Letter, we consider only the Volmer-Heyrovsky mechanism of HER,

since testing revealed that the Tafel reaction (2H∗
→ H2) is improbable due to substantially

(> 2 eV) higher activation energies for investigated hydrogen coverages (see Table S4), in

agreement with prior results.15,16,18
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In order to thoroughly explore the HER reactivity of open-ended CNTs as a function

of hydrogen coverage, 2-3 configurations with distinctly different adsorption energies were

selected and nudged elastic band19 calculations were performed to identify transition states

along the individual steps of HER. The calculated reaction and activation energies are pre-

sented in Table S3 of the Supporting Information. Here, we focus on equivalent corner sites

3,7′,11′ in different ring terminations of the open-ended CNTs since preliminary screening

indicates these sites to be the most active, at least on the 5-ring terminated CNT. The effect

of ring size on HER activation energies is illustrated in Figure 2 where linear fits (see Figure

S2) to the calculated barriers against adsorption energy are presented. Here, we wish to

note that an analysis based on adsorption free energies would yield identical results, as we

have previously18 shown that vibrational contributions to free energy are within 0.1 eV on

different carbon sites regardless of coverage so that free energies are obtained by applying a

constant shift of ∼ 0.35 eV to the calculated adsorption energies.

 0.0

 0.5

 1.0

 1.5

 2.0

−1.5 −1 −0.5 0 0.5 1 1.5

A
ct

iv
at

io
n
 e

n
er

g
y
 (

eV
)

Hydrogen adsorption energy (eV)

Pt

Volmer

Heyrovsky

Fused 5−ring
5−ring
6−ring

Figure 2. Effect of ring size on HER activation energies on corner sites 3,7′,11′ in the
studied open-ended CNTs. Activation energies vary with the distribution of adsorbed hy-
drogens near the active site, as distinguished by vacuum adsorption energies. The range of
observed adsorption energies on the 5-ring is denoted by the colored segment on the x-axis.
For comparison, the computational HER barrier on flat Pt(111) at fixed 0.86 monolayer
hydrogen coverage, 0.85 eV,12 is included with standard 0.1 eV error bars.

Both sites in the 5-ring structures exhibit similar HER activation energies with the max-

imum barrier being decidedly lower than in the 6-ring. For a wide range of configurations,

the barrier is in fact on the same order as the computational HER barrier on a flat Pt(111)
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surface12 under fixed hydrogen coverage conditions at the thermodynamic redox potential of

HER. In addition, we find that the correlations for both reactions on the 6-ring coincide with

similar relations18 obtained for a pristine (14,0) CNT, especially in the region of maximum

activity near the intercept point of the two graphs. Interestingly, the Volmer barriers on the

6-ring are lower than on either 5-ring structure, while the reverse holds and the difference

is amplified for the Heyrovsky reaction. This suggests that the 6-ring site has a tendency

to overbind hydrogen, which ultimately might lead to a decreased catalytic performance

compared to the 5-rings. To gauge the HER activity of open-ended CNTs, full energy dia-

grams need to be constructed using the evaluated activation and reaction energies. While

the present data suggests the 6-ring is the most active when only the edge sites are occupied

(see highlighted entries in Table S3), this configuration is expected to be improbable as filling

additional corner sites remains exothermic. Instead, Figure 3 shows a comparison of HER

energy diagrams in two configurations where the occupancy of sites closest to edge sites is

varied (see Figure S3) with an additional comparison presented in Figure S4.
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Figure 3. Comparison of HER activity on corner sites in fused 5-rings, 5-rings and 6-rings
terminating the studied open-ended CNTs. At left, all sites closest to the inert edge of the
rings are occupied; at right, the same sites in the closest adjacent ring relative to the active
site are also occupied. Effective HER barriers are indicated.

As before, the effective HER barriers on the 5-ring sites are virtually identical and lower

than on the 6-ring. The major difference between ring sizes is the fact that corner sites in

6-rings are directly linked, both readily becoming occupied, which increases the barrier of
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the Heyrovsky step dramatically. In the 5-rings, it is energetically less favorable to fill sites

adjacent to the corner sites and their effect on HER activity is less profound, increasing

barriers only by 0.3 − 0.4 eV (see Figure S4). We wish to emphasize that the presented

Volmer barriers are upper bounds because they are calculated for reactions where the distri-

bution of adsorbed hydrogens near the active site remains fixed, whereas Scheme S1 in the

Supporting Information demonstrates that a different filling order would lead to a smaller

effective barrier. This example illustrates a typical limitation of computational modeling

where surface coverage can often only be included as a static quantity instead of as a true,

dynamical variable, which is also influenced by external quantities such as solution pH and

electrode potential. However, as Figures 2-3 demonstrate, establishing coverage dependent

scaling relations is a successful and mandatory strategy to realistically compare the reactiv-

ity of surface sites in carbon-based nanomaterials. Moreover, seeing as many reaction paths

with sub eV barriers can be constructed, it can be concluded that the computational HER

activity of 5-ring corner sites exceeds that of pristine CNTs with barriers reported in the

range 1.1− 1.2 eV (zero coverage)16,18 and is even comparable to Pt(111).12

To gain insight into the origins of reactivity in carbon 5-rings, it is necessary to go be-

yond energetic considerations and to examine electronic effects. Indeed, on transition metal

surfaces, active HER catalysts have been demonstrated to fulfill three criteria: they have

a d -band spanning the Fermi level, the band has strong long-range interactions with the

empty proton 1s orbital necessary for electron transfer, and the adsorption of hydrogen is

thermoneutral (ΔG ≈ 0).14 In spirit of the d -band model, Zheng et al.17 studied doped

graphene clusters and measured the distance between active site valence orbitals and clus-

ter Fermi energy within the framework of natural bond orbitals. Contrary to observations

on metals, the authors showed hydrogen adsorption energies became more exothermic with

increasing distance to Fermi energy implying a growth in HER activity, assuming only ther-

moneutrality is required to maximize reaction rate. The validity of this assumption is difficult

to assess given experimental limitations in preparing samples of required purity. Further-
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more, since there is no apparent correlation between adsorption energies and HER barriers

in the current (see Figure S5) and previous studies, 15,18 we introduce a similar orbital energy

dependent descriptor ΔE but instead relate it directly to calculated HER barriers. Specif-

ically, for each site j, the distance between the system’s highest occupied molecular orbital

(HOMO), depicted in Figure 4, and the occupancy qiσ weighed average orbital energy ε is

measured according to

ΔEj = εIBO
HOMO −

1�
qiσ

�
σ=↑,↓

�
i

qiσε
IBO
iσ (1)

The final, site-type specific quantity is obtained after averaging over all similar sites on

one side of the open-ended CNT. Here, atom-centered orbitals are obtained with the intrinsic

bond orbital (IBO) localization scheme.20 The relationship between ΔE and HER barriers

is explored in Figure 5. This comparison is performed for reactions modeled on open-ended

CNTs with the edge fully hydrogenated i.e. at the (improbable) low coverage limit, since

inclusion of coverage effects is far from trivial (see discussion below).

Figure 4. Highest occupied molecular orbitals of the open-ended (10, 10) (left) and (17, 0)
(right) CNTs visualized using the intrinsic bond orbital localization method. The isosurfaces
enclose 70 % of the orbital’s electron density.21

On the open-ended (17, 0) CNT, site specific HER activity increases linearly the closer the

valence orbitals are to the HOMO energy level. Upon changing the chirality, this relationship

vanishes becoming essentially flat, though there are only two distinct site types. Notably,

the valence orbitals of both investigated 6-ring sites reside deep below the highest state.
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Comparing corner sites in different rings, the IBOs of both 5-ring structures are closer in

energy to the HOMO and they are more strongly localized on the corner atom than in

the 6-ring. This suggests that ring strain is the root cause for the differentiation in HER

reactivity on surface sites in the 5-rings. Under the given hydrogen coverage conditions at

least, this effect correlates directly with the splitting of valence orbital energy levels leading

to the dependence observed in Figure 5. Furthermore, the observation that valence states

closest to the HOMO level are the most active indicates that the reactivity of corner sites

can actually be attributed to an enhanced coupling with the empty proton 1s state–a result

agreeing with proposed reactivity theories on transition metals. 14 At the same time, all sites

in the 6-ring appear to be roughly equivalent and, in fact, HER barriers on these sites match

the value obtained for a pristine CNT of the same chirality at zero hydrogen coverage. 16
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Figure 5. HER activation energies on different surface sites of the investigated open-ended
CNTs plotted against the average distance between the system HOMO and the reactive
orbitals of the site (Equation 1). The solid line is a linear fit to the (17, 0) data with fit
indicated, whereas the dashed line serves as a guide to the eye. Standard deviation has been
used as the error estimate.

While the introduced descriptor ΔE allows us to successfully predict the relative reac-

tivity ordering of surface sites on the open-ended (17, 0) CNT, and to a lesser degree on

the (10, 10) CNT, it remains uncertain whether the predictive power of this quantity can be

extended to arbitrary hydrogen coverages, given the computational challenge of evaluating

the necessary number of HER barriers and deciding which adsorption configurations are even
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comparable with each other. Certainly, we expect the ordering of sites and both the slope

and position of the relationship to change with coverage. Perhaps what is most unsatisfying,

however, is the finding that this descriptor does not permit comparison of different tube

chiralities, since the CNTs remain incomparable even when the 0.16 eV difference in the

position of the HOMO is taken into consideration. Further work is therefore clearly needed

to understand reactivity trends in carbon nanomaterials.

In summary, electronic structure calculations were used to assess the HER activity of

open-ended CNTs under varying hydrogen coverage conditions. Depending on tube chirality,

the CNTs became terminated either by 6-rings or a mixture of 5-rings and fused 5-rings, with

corner sites in the last two structures exhibiting considerable activity towards HER. Unlike

surface sites in the 6-ring, significant asymmetry in the reactivity of sites in the 5-rings was

discovered. For a fixed hydrogen coverage, this observation was explained by demonstrating

that sites with valence orbitals closest to the HOMO energy level were catalytically the most

active. These findings suggest that pristine carbon is not as inert as is commonly thought

and that the introduction of different ring structures might lead to enhanced HER activity

not only in open-ended CNTs but also in e.g. fullerenes or carbon nanobuds. 22 Experimental

verification of these findings will however require adjusting synthesis techniques to maximize

the concentration of active 5-ring sites.

Computational Methods

Density functional theory calculations were performed within the hybrid Gaussian and

planewaves framework using the CP2K/Quickstep23 code. The PBE24 functional was used

for the exchange-correlation interaction and van der Waals interactions were included with

the DFT-D3 method.25 The 2s and 2p orbitals of C and O and the 1s orbital of H were

treated as valence states, which were expanded in molecularly optimized Gaussian basis sets

of double-ζ plus polarization quality.26 Nonlinear core corrected Goedecker-Teter-Hutter

10



pseudopotentials were employed for the ionic cores.27 The auxiliary planewave basis was

truncated with a 550 Ry kinetic energy cutoff.

The investigated open-ended (10, 10) (containing 200 carbon atoms) and (17, 0) (204

carbon atoms) CNTs were placed in vacuum inside a cubic cell with 4.3 nm edge length

and interactions between periodic copies of the system were removed in all directions by the

Martyna-Tuckerman method.28 HER activation and reaction energies were evaluated using

the climbing image nudged elastic band method19 using 8/12 images (Volmer/Heyrovsky)

and an 0.1 eV/Å maximum force convergence criterion. Vibrational analysis was used to

confirm that the transition states contained only a single imaginary frequency and these are

given in the Supporting Information, Table S3. Solvation effects were included by enclosing

the reacting Zundel cation inside a 15 water molecule shell, as illustrated in the Supporting

Information, Figure S6. Only the Zundel cation and carbon atoms in rings closest to the

active site were allowed to move during NEB. Intrinsic bond orbital 20 analysis was carried

out with the IboView29 program. The analysis was performed on wavefunctions that were

optimized with the ORCA30 code using the def2-TZVP primary basis and the corresponding

Coulomb-fitting basis.31
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