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Using the DFT method, we simulated the adsorption of a single hydrogen 
molecule on pristine low-dimensional carbon nanomaterials: carbon nanotubes 
(CNT), en-yne (CEY), and graphdiyne (GDY). For wave function decomposition, 
we employed two approaches: localized pseudoatomic orbitals (SIESTA package) 
and plane waves (VASP package). For CNT, CEY, GDY, and bulk carbon 
(graphite), we optimized atomic basis sets. Delta test of used DFT packages 
showed a good agreement for carbon: ∆С = 0,36 meV/atom. We demonstrated 
that after atomic basis set optimization the value of counterpoise (CP) correction 
of basis set superposition error (BSSE) in calculations of hydrogen adsorption 
energies reduces. Moreover, this CP correction could be by several times bigger 
than the corrected hydrogen adsorption energy. Therefore, to obtain reasonable 
results in weakly interacting systems, CP-corrected adsorption energies in the op-
timized PAOs are needed. In considered systems, hydrogen adsorption energies, 
which were calculated in this way, agree with the energies obtained using the 
BSSE-free plane-wave basis set. 

Keywords: Density functional theory (DFT); localized pseudoatomic orbitals 
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Introduction  

On the way to the hydrogen economy, several problems should be solved. Among one of them is 
the creation of effective and compact hydrogen storages. Carbon nanostructures are promising materials 
for such utilization since they have unique mechanical properties [1, 2], porosity, low density and high 
surface area [3]. However, there are numerous allotropes of carbon. Therefore, in search of a material 
with the needed properties, computer modelling could decrease the experimental costs and shorten trial 
and error loop. 

Density functional theory, a popular approach in atomistic simulations, allows researchers to obtain 
precise results even for big systems [4], which can be useful in modelling of, for example, carbon nano-
tubes (CNTs), where simulation cell could contain up to several hundred atoms [5]. Though this method 
does not require empirical data of a simulated system, to reduce the many-electron problem to one-
electron, some theoretical approximations are needed. 

One of the key approximations is the wave function decomposition over a certain finite basis. The 
most common approaches are localized pseudoatomic orbitals (PAOs) and plane waves. For big systems 
or structures with a large vacuum volume (like in the case of adsorption modelling), PAOs are an effec-
tive method since they give accurate results with the low computational cost [6]. However, PAO basis 
set is prone to a significant basis set superposition error, BSSE (an over-estimation of binding energy 
due to the unequal basis sets between the interacting bonded system and non-interacting separated sys-
tems), in weakly interacted systems [7]. To reduce BSSE, counterpoise (CP) correction by Boys and 
Bernardi [8] can be used. Though, it is not clear, how atomic basis set optimization influences the value 
of this correction and corrected hydrogen adsorption energy. And if it is possible to get similar to the 
BSSE-free plane-waves results, using PAOs. 

Therefore, in this work, we consider different allotropes of carbon and their interaction with the mo-
lecular hydrogen. For each carbon system, we optimize PAO basis set (for carbon atom). Then we calcu-
late CP-corrected hydrogen adsorption energies before (with the default SIESTA basis set parameters) 
and after basis set optimization. The resulting hydrogen adsorption energies for 2D structures are com-
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pared with the BSSE-free plane-wave basis calculations. Additionally, we perform delta-test of utilized 
DFT packages, using different PAO basis set parameters. 
 

Models and simulation parameters 
Spin-polarized DFT calculations were performed in SIESTA package [9, 10], where PAOs are im-

plemented as a basis set. Adsorption on 2D carbon structures (CEY and GDY) was also investigated 
using the Vienna ab initio simulation package (VASP) [11] with the projector-augmented wave (PAW) 
method [12] and BSSE-free plane-wave basis set. The local density approximation, LDA (Ceperley–
Alder functional [13]), and the generalized gradient approximation, GGA (Perdew–Burke–Ernzerhof 
functional [14]), were employed as the exchange-correlation functional. Geometry relaxation was per-
formed by the conjugate-gradient method. For all SIESTA calculations, pseudopotentials were taken 
from the FHI pseudodatabase [15]. In the VASP simulations, we used the 2012 version of pseudopoten-
tials, which treats the following electrons as valence: 1s for H and 2s22p2 for C. 

Carbon nanotubes. We considered internal and external adsorption of a single hydrogen molecule 
on the pristine CNT(5,5). The simulation cell contains four primitive cells of the nanotube (80 carbon 
atoms in total). The optimized translational parameter in GGA (LDA) is 9,87 Å (9,78 Å). In non-
periodic directions (perpendicular to the tube’s axis) we put ~100 Å of vacuum. The force convergence 
criterion is 10–4 Ry/Bohr. The mesh cut-off [16] is 360 Ry (210 Ry) for GGA (LDA) calculations. With 
the 1× 1× 32 Monkhorst–Pack set of k-points, the numerical precision of hydrogen adsorption energy 
calculations is 10 meV. 

En-yne. We considered the adsorption of a single hydrogen molecule. The simulation cell contains 
two primitive cells of the CEY (20 carbon atoms in total). SIESTA simulation parameters: optimized 
sizes of an orthorhombic cell for GGA (LDA) calculations – 11,28·9,76·50 Å3 (11,20·9,69·50 Å3); the 
mesh cut off for GGA (LDA) calculations – 350 Ry (210 Ry); k-points set – 11× 11× 1; the force con-
vergence criterion – 5·10–5 Ry/Bohr. All these parameters allowed us to calculate hydrogen adsorption 
energies with the precision of ~7 meV. VASP simulation parameters: optimized sizes of an orthorhom-
bic cell for GGA (LDA) calculations – 11,26·9,74·20 Å3 (11,20·9,69·20 Å3); plane-wave basis set cut-off 
– 600 eV; k-points set – 9× 9× 1; the force convergence criterion – 10–3 eV/Å. All these parameters al-
lowed us to calculate hydrogen adsorption energies with the precision of ~3 meV. 

Graphdiyne. We considered two configurations of a single hydrogen molecule: on top of the big 
trigonal pore, and on top of the small hexagonal pore. The simulation cell contains one hexagonal GDY 
primitive cell (18 carbon atoms in total). SIESTA simulation parameters: the optimized translational pa-
rameter in GGA (LDA) is 9,48 Å (9,39 Å), the distance between the structure and its image – ~ 100 Å; 
the mesh cut off for GGA (LDA) calculations – 350 Ry (210 Ry); k-points set – 9× 9× 1; the force con-
vergence criterion – 5·10–5 Ry/Bohr. All these parameters allowed us to calculate hydrogen adsorption 
energies with the precision of ~ 7 meV. VASP simulation parameters: the optimized translational pa-
rameter in GGA (LDA) is 9,46 Å (9,39 Å), the distance between the structure and its image – 20 Å; 
plane-wave basis set cut-off – 600 eV; k-points set – 9× 9× 1; the force convergence criterion –  
10–3 eV/Å. All these parameters allowed us to calculate hydrogen adsorption energies with the precision 
of ~ 3 meV. 
 

PAO basis set optimization 
For basis set optimization, we used the methodology described in [17]. For all considered structures 

(pristine CNT, CEY, and GDY), we separately optimized basis set parameters for carbon atoms. All 
parameters for hydrogen were taken from [17]. Since all considered adsorbents consist of one atom type 
(carbon), during the basis set optimization, we tracked only the structure total energy and the 
characteristic bond length. 

As an example, in Fig. 1 we demonstrated the optimization procedure for C(2p) orbital in the case 
of CEY. In the presented example, we chose the optimal values for orbital cut-off and SplitNorm using 
the criterion of minimal total energy. Additionally, we monitored the length of a C–C bond, C Cd − . After 

orbital cut-off reached the value cutr  = 7,5 Bohr, C Cd −  remains on the same level (1,3942 Å). Since 

bigger cutr  employs higher computational costs, we chose cutr  = 7,5 Bohr as an optimal value. The 
dependence of the structure total energy on SplitNorm parameter has a pronounced minimum at 
SplitNorm 0,25, which has been chosen as an optimal value. 
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a) b) 
Fig. 1. Dependence of CEY total energy and C–C bond  length on a) cut-off radius of С(2p) orbital; b) SplitNorm  

parameter of С(2p) orbital. Solid grey lines note the chosen value o f orbital parameters 

Optimal basis set parameters are shown in Table 1 (mcutr  is a cut-off radius of a modified orbital, it 

derives from cutr  and SplitNorm). For comparison, we also presented optimized parameters for graphite 
and default PAO parameters in SIESTA. 

Table 1 
Optimal parameters for С(2s) and C(2p) orbitals for different carbon allotropes  

Structure CNT CEY GDY Bulk Default PAO 

cutr , Bohr 8,03 8,66 8,03 7,64 4,09 

SplitNorm 0,27 0,35 0,35 0,35 0,15 C(2s) 

mcutr , Bohr 3,03 2,81 2,81 2,81 3,35 

cutr , Bohr 10,06 7,64 9,57 8,66 4,87 

SplitNorm 0,26 0,24 0,20 0,24 0,15 C(2p) 

mcutr , Bohr 3,18 3,27 3,52 3,27 3,48 

Table 1 shows that, firstly, for different reference systems, we got slightly different optimal basis 
set parameters using the same pseudopotential in all cases. Secondly, all optimized parameters differ 
noticeably from the default ones (especially, cutr ). Therefore, default basis set parameters should be 
used cautiously, and each new system requires basis set optimization. 
 

Delta test 
To compare used DFT packages (VASP and SIESTA), we performed the delta test [18] between 

SIESTA results for different sets of orbital parameters and VASP data [19]. The obtained results are 
presented in Table 2. 

Table 2 shows that the biggest С∆  (and, consequently, the worst agreement with the VASP data) 
was obtained with the default basis set for carbon. Furthermore, different PAO basis sets resulted in 
different delta parameters (it can be seen in relative С∆ ). Generally speaking, the reference system used 
in the current version of delta test is a bulk structure (and for this reason delta test cannot be used for 
comparison of pseudopotential, for this purpose consideration of different allotropes is needed). 
Therefore, to compare DFT packages, where atomic basis sets are utilized, it is necessary to optimize 
PAOs parameters on the needed reference system (bulk). So, the correct value in our case is С∆  for 

graphite: 0,36С∆ =  meV/atom. This small value implies the good agreement between VASP and 
SIESTA results for carbon structures with the used pseudopotentials (results of the delta test 
considerably depend on the quality of pseudopotentials). 
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Table 2 
Delta parameters, obtained for different PAO basis sets 

Structure CNT CEY GDY Bulk Default PAO 

С∆ , meV/atom 1,88 1,47 0,32 0,36 2,86 

Relative С∆ , % 15,1 11,8 2,6 2,9 22,4 
 

CP-corrected hydrogen adsorption energies 
We simulated the adsorption of a single hydrogen molecule on CNT(5,5), CEY, and GDY. Relaxed 

structures are presented in Fig. 2. 

c) 

  

a) 

 

b) 

 

d) 

  

  

e) 

  
Fig. 2. Relaxed in SIESTA (GGA) structures of adsor bed hydrogen on: a) internal surface of CNT(5,5); b ) external surface 

of CNT(5,5); c) CEY; d) top of the GDY big pore; e)  top of the GDY small pore.  
Carbon and hydrogen atoms are grey and red, respect ively 

Hydrogen adsorption energy was calculated as follows: 

H H2 2

BSSE
bind base baseE E E E += + − , 

where H2baseE +  is the total energy of a complex “carbon nanomaterial + hydrogen molecule”, baseE  is 

the total energy of a carbon nanomaterial, H2
E  is the total energy of an isolated hydrogen molecule. 

Here, if 0bindE > , hydrogen attracts to the base structure, and the bigger is bindE  the stronger is this 
binding. 

CP corrections by Boys and Bernardi were calculated as follows: 
0 0

H H2 2CP base ghost base ghostE E E E E− −= − + − , 

where base ghostE −  is the total energy of a carbon nanomaterial calculated in the full basis of a complex 

“carbon nanomaterial + hydrogen molecule”, 0baseE  is the total energy of a carbon nanomaterial 

calculated in the basis of a carbon structure, H2 ghostE −  is the total energy of a hydrogen molecule 

calculated in the full basis of a complex “carbon nanomaterial + hydrogen molecule”, 0H2
E  is the total 

energy of a hydrogen molecules calculated in the basis of this molecule. All these energies are 
calculated in relaxed geometries presented in Fig. 2 without further structural optimization. This 
correction, CPE , should be always negative. Then the final hydrogen adsorption energy was calculated 
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as BSSE
bind bind CPE = E + E . The results of hydrogen adsorption energy calculations, as well as the value of 

CP correction by Boys and Bernardi, are presented in Table 3. 
Table 3

Hydrogen adsorption energy (meV) and the value of CP  correction by Boys and Bernardi (meV)

CNT(5,5) GDY 

external internal 
CEY 

big pore small pore Basis set 

bindE CPE bindE CPE bindE CPE bindE CPE bindE CPE

GGA 

optimized 5 44 35 231 
12 

(18) 
43 

8 
(15) 

47 
10 

(14) 
57 

default –15 205 22 318 40 230 –34 369 –17 184 

LDA 

optimized 70 71 238 234 
104 

(105) 
44 

120 
(122) 

86 
91 

(87) 
110 

default 69 233 168 345 112 301 127 428 169 117 

Table 3 shows that almost in all cases CPE  drops after basis set optimization (for example, in the 

case of GDY big pore, CPE  decreased by almost 8 times). However, even with the optimized basis set, 

CPE  is significant in comparison with bindE  (especially for GGA calculations). Mostly, in LDA calcu-

lations CPE  is bigger than in GGA calculations, though, as expected, bindE  is bigger too (since LDA 

overestimates the energy of vdW interaction, and GGA underestimates it [20]). As a result, /CP bindE E

is lower in LDA calculations than in GGA. All in all, we have not found the general trend in bindE  and 
basis set optimization. In some cases (for example, LDA calculations of external adsorption on 
CNT(5,5) or adsorption on top of the GDY big pore) bindE  changes only slightly after basis set optimi-

zation, while in other cases the change in bindE  can be significant. 
To compare results, obtained with PAO basis set, with the BSSE-free plane-wave basis, we calcu-

lated hydrogen adsorption energies on 2D carbon nanomaterials in VASP. Results of these calculations 
are presented in Table 3 within the brackets. And the difference between the CP-corrected hydrogen ad-
sorption energies, calculated with the optimized basis set, and the VASP adsorption energies is within 
the numerical precision. This is not true for bindE  obtained with the default basis set of carbon. To 
summarize, if one wants to get fast and precise hydrogen adsorption energies in weakly interacting sys-
tems, using PAOs, one should both optimize the basis set and employ CP correction by Boys and Ber-
nardi. 

Conclusions 
In this work, we obtained the optimal parameters of PAOs basis sets, implemented in SIESTA, for 

CNTs, CEY, GDY, and graphite. The delta-test of VASP and SIESTA showed good agreement for car-
bon ( 0,36С∆ =  meV/atom). Simulation of hydrogen adsorption on low-dimensional carbon nanomate-
rials indicated the necessity of basis set optimization for each considered system and BSSE correction in 
the case of atomic basis set usage for modelling of weakly interacted systems. If these are done, the re-
sulting adsorption energies will coincide with the ones, obtained with the BSSE-free plane-wave basis, 
within the numerical precision. 

The reported study utilized the supercomputer resources of South Ural State University [21]. 
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ОШИБКА СУПЕРПОЗИЦИИ БАЗИСНОГО НАБОРА: ВЛИЯНИЕ ОПТИМИЗАЦИИ 
АТОМНОПОДОБНОГО БАЗИСА НА ВЕЛИЧИНУ УРАВНОВЕШИВАЮЩЕЙ 
ПОПРАВКИ 
 
Е.В. Аникина, В.П. Бескачко 
Южно-Уральский государственный университет, г. Челябинск, Российская Федерация 
E-mail: anikinaev@susu.ru 

 

Промоделирована адсорбция молекулы водорода на чистых углеродных наноматериалах 

низкой размерности: углеродных нанотрубках (УНТ), енине и графидине. Использовались два 

подхода к разложению волновой функции системы: плоские волны (пакет VASP) и атомнопо-

добные орбитали (пакет SIESTA). Для УНТ, енина, графидина и графита были получены опти-

мальные параметры атомноподобного базисного набора. Дельта-тест использованных DFT паке-

тов на атоме углерода показал хорошее согласие: ∆С = 0,36 мэВ/атом. Вычисление энергии ад-

сорбции водорода с поправками Бойса–Бернарди показало, что после оптимизации атомноподоб-

ного базисного набора ошибка суперпозиции базисного набора (BSSE) уменьшается. При этом, 

эта ошибка может вносить значительный вклад в энергию адсорбции, поэтому для получения 

корректных результатов в слабосвязанных системах необходимо вычислять энергию адсорбции с 

«уравновешивающими» поправками после оптимизации базиса. Вычисленные таким образом 

энергии адсорцбии с точностью до погрешности вычисления согласуются с результатами, полу-

ченными с помощью базиса из плоских волн, не подверженного BSSE. 

Ключевые слова: теория функционала электронной плотности; атомноподобный базисный 

набор; метод проекционных соединительных волн; дельта-тест; адсорбция водорода; углерод-

ные наноматериалы. 
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