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

Keywords: Density functional theory (DFT); localizepseudoatomic orbitals
(PAOSs); projector-augmented wave method (PAW);adidst; hydrogen adsorption;
carbon nanomaterials.

Introduction

On the way to the hydrogen economy, several prablginould be solved. Among one of them is
the creation of effective and compact hydrogenagfes. Carbon nanostructures are promising materials
for such utilization since they have unique mectanproperties [1, 2], porosity, low density andthi
surface area [3]. However, there are numerousrafies of carbon. Therefore, in search of a material
with the needed properties, computer modelling ¢aidcrease the experimental costs and shorten trial
and error loop.

Density functional theory, a popular approach om@stic simulations, allows researchers to obtain
precise results even for big systems [4], whichlwamseful in modelling of, for example, carbonman
tubes (CNTs), where simulation cell could contgina several hundred atoms [5]. Though this method
does not require empirical data of a simulatedesgstto reduce the many-electron problem to one-
electron, some theoretical approximations are reeede

One of the key approximations is the wave functiecomposition over a certain finite basis. The
most common approaches are localized pseudoatabitals (PAOs) and plane waves. For big systems
or structures with a large vacuum volume (likehia tase of adsorption modelling), PAOs are an effec
tive method since they give accurate results withlow computational cost [6]. However, PAO basis
set is prone to a significant basis set superposiiror, BSSE (an over-estimation of binding eperg
due to the unequal basis sets between the integaotinded system and non-interacting separated sys-
tems), in weakly interacted systems [7]. To redB&SE, counterpoise (CP) correction by Boys and
Bernardi [8] can be used. Though, it is not cléary atomic basis set optimization influences theea
of this correction and corrected hydrogen adsonp&nergy. And if it is possible to get similar teet
BSSE-free plane-waves results, using PAOs.

Therefore, in this work, we consider different aibpes of carbon and their interaction with the mo-
lecular hydrogen. For each carbon system, we op&ifRiAO basis set (for carbon atom). Then we calcu-
late CP-corrected hydrogen adsorption energiesrddith the default SIESTA basis set parameters)
and after basis set optimization. The resultingrbgdn adsorption energies for 2D structures are-com
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pared with the BSSE-free plane-wave basis calaumatiAdditionally, we perform delta-test of utiléze
DFT packages, using different PAO basis set parnsiet

Models and simulation parameters

Spin-polarized DFT calculations were performed IESTA package [9, 10], where PAOs are im-
plemented as a basis set. Adsorption on 2D carbontsres (CEY and GDY) was also investigated
using the Vienna ab initio simulation package (VAEHL] with the projector-augmented wave (PAW)
method [12] and BSSE-free plane-wave basis set.|d¢@ density approximation, LDA (Ceperley—
Alder functional [13]), and the generalized gradiapproximation, GGA (Perdew—Burke—Ernzerhof
functional [14]), were employed as the exchangeetation functional. Geometry relaxation was per-
formed by the conjugate-gradient method. For afHIA calculations, pseudopotentials were taken
from the FHI pseudodatabase [15]. In the VASP satnohs, we used the 2012 version of pseudopoten-
tials, which treats the following electrons as waks 1s for H and22p® for C.

Carbon nanotubesWe considered internal and external adsorptioa single hydrogen molecule
on the pristine CNT(5,5). The simulation cell cansafour primitive cells of the nanotube (80 carbon
atoms in total). The optimized translational par@nén GGA (LDA) is 9,87 A (9,78 A). In non-
periodic directions (perpendicular to the tube’spawe put ~100 A of vacuum. The force convergence
criterion is 10* Ry/Bohr. The mesh cut-off [16] is 360 Ry (210 Ry) GGA (LDA) calculations. With
the 1x1x32 Monkhorst—Pack set ¢fpoints, the numerical precision of hydrogen adsonpenergy
calculations is 10 meV.

En-yne We considered the adsorption of a single hydragelecule. The simulation cell contains
two primitive cells of the CEY (20 carbon atomstatal). SIESTA simulation parameters: optimized
sizes of an orthorhombic cell for GGA (LDA) calctitms — 11,28-9,76-50°%11,20-9,69-50 &; the
mesh cut off for GGA (LDA) calculations — 350 RyL(®2RYy); k-points set — 1£11x 1; the force con-
vergence criterion — 5-TORy/Bohr. All these parameters allowed us to calteuhydrogen adsorption
energies with the precision of ~7 meV. VASP simolafparameters: optimized sizes of an orthorhom-
bic cell for GGA (LDA) calculations — 11,26-9,74-88(11,20-9,69-20 #; plane-wave basis set cut-off
— 600 eV:k-points set — 89x1; the force convergence criterion —316V/A. All these parameters al-
lowed us to calculate hydrogen adsorption enesgittsthe precision of ~3 meV.

Graphdiyne We considered two configurations of a single bgén molecule: on top of the big
trigonal pore, and on top of the small hexagonaép®he simulation cell contains one hexagonal GDY
primitive cell (18 carbon atoms in total). SIESTinslation parameters: the optimized translatioreal p
rameter in GGA (LDA) is 9,48 A (9,39 A), the distanbetween the structure and its image — ~ 100 A;
the mesh cut off for GGA (LDA) calculations — 359 R10 Ry);k-points set — 89x1; the force con-
vergence criterion — 5-TORy/Bohr. All these parameters allowed us to calteuhydrogen adsorption
energies with the precision of ~ 7 meV. VASP sirtiala parameters: the optimized translational pa-
rameter in GGA (LDA) is 9,46 A (9,39 A), the distanbetween the structure and its image — 20 A;
plane-wave basis set cut-off — 600 ekfpoints set — 89x1; the force convergence criterion —
102 eV/A. All these parameters allowed us to calculgtdrogen adsorption energies with the precision
of ~3 meV.

PAOQO basis set optimization

For basis set optimization, we used the methodotaggeribed in [17]. For all considered structures
(pristine CNT, CEY, and GDY), we separately optietizbasis set parameters for carbon atoms. All
parameters for hydrogen were taken from [17]. Salteonsidered adsorbents consist of one atom type
(carbon), during the basis set optimization, weckiegl only the structure total energy and the
characteristic bond length.

As an example, in Fig. 1 we demonstrated the opttiin procedure for C( orbital in the case
of CEY. In the presented example, we chose thengptvalues for orbital cut-off and SplitNorm using
the criterion of minimal total energy. Additionallwe monitored the length of a C—C boml, . . After

orbital cut-off reached the valug,, = 7,5 Bohr,d-_c remains on the same level (1,3942 A). Since
bigger r., employs higher computational costs, we chqge = 7,5 Bohr as an optimal value. The

dependence of the structure total energy on SpiitNparameter has a pronounced minimum at
SplitNorm 0, 25, which has been chosen as an optimal value.
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Fig. 1. Dependence of CEY total energy and C—-C bond
parameter of C(2p) orbital. Solid grey lines note the chosen value o

length on a) cut-off radius of

b)

C(2p) orbital; b) SplitNorm

f orbital parameters
Optimal basis set parameters are shown in TabtgJ; (is a cut-off radius of a modified orbital, it

derives fromr,,, and SplitNorm). For comparison, we also presenfgtnized parameters for graphite
and default PAO parameters in SIESTA.

Table 1
Optimal parameters for C(2s) and C(2p) orbitals for different carbon allotropes
Structure CNT CEY GDY Bulk Default PAO
oy » BOhF 8,03 8,66 8,03 7,64 4,09
C() SplitNorm 0,27 0,35 0,35 0,35 0,15
Feut » BODI 3,03 2,81 2,81 2,81 3,35
oy » BOhr 10,06 7,64 9,57 8,66 4,87
C(2n) SplitNorm 0,26 0,24 0,20 0,24 0,15
Fcut » BONT 3,18 3,27 3,52 3,27 3,48

Table 1 shows that, firstly, for different referensystems, we got slightly different optimal basis
set parameters using the same pseudopotential casds. Secondly, all optimized parameters differ
noticeably from the default ones (especially, ). Therefore, default basis set parameters shoeld b

used cautiously, and each new system requires $etsiptimization.

Delta test

To compare used DFT packages (VASP and SIESTA)peviormed the delta test [18] between
SIESTA results for different sets of orbital paraene and VASP data [19]. The obtained results are
presented in Table 2.

Table 2 shows that the biggeAt. (and, consequently, the worst agreement with tASK data)
was obtained with the default basis set for cartbanmthermore, different PAO basis sets resulted in
different delta parameters (it can be seen inivelak. ). Generally speaking, the reference system used
in the current version of delta test is a bulk giwee (and for this reason delta test cannot bd tme
comparison of pseudopotential, for this purposesid@ration of different allotropes is needed).
Therefore, to compare DFT packages, where atonsis Ists are utilized, it is necessary to optimize
PAOs parameters on the needed reference systeR).(Bal, the correct value in our caseAg for

graphite: A =0,36 meV/atom. This small value implies the good agrestrbetween VASP and

SIESTA results for carbon structures with the ugestudopotentials (results of the delta test
considerably depend on the quality of pseudopaitm)ti
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Table 2
Delta parameters, obtained for different PAO basis sets
Structure CNT CEY GDY Bulk Default PAO
A- , meV/atom 1,88 1,47 0,32 0,36 2,86
RelativeA. , % 15,1 11,8 2,6 2,9 22,4

CP-corrected hydrogen adsorption energies
We simulated the adsorption of a single hydrogefeoude on CNT(5,5), CEY, and GDY. Relaxed
structures are presented in Fig. 2.
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Fig. 2. Relaxed in SIESTA (GGA) structures of adsor
of CNT(5,5); c) CEY; d) top of the GDY big pore; €)
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bed hydrogen on: a) internal surface of CNT(5,5); b
top of the GDY small pore.
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) external surface

Hydrogen adsorption energy was calculated as feliow
BSSE _
Epind = Epaset EHZ -

is the total energy of a complex “carbon nanonmater hydrogen molecule”E, . is

EbaSeHZ 1
where EpaserH,

the total energy of a carbon nanomaterl:‘s;li,2 is the total energy of an isolated hydrogen mdkecu

Here, if E,,q >0, hydrogen attracts to the base structure, anditiger is E;,,4 the stronger is this
binding.
CP corrections by Boys and Bernardi were calculagefbllows:

Ecp = BEpase ghost Eobasé' EHZ— ghost EtEI)Z )

where Egae- ghost IS the total energy of a carbon nanomaterial d¢ated in the full basis of a complex

“carbon nanomaterial + hydrogen moleculeZ),.. is the total energy of a carbon nanomaterial
calculated in the basis of a carbon SUrUCIUER, _ghost is the total energy of a hydrogen molecule

calculated in the full basis of a complex “carb@momaterial + hydrogen moIecuIeIE,ﬂ2 is the total

energy of a hydrogen molecules calculated in theisbaf this molecule. All these energies are
calculated in relaxed geometries presented in Figithout further structural optimization. This
correction, E.p , should be always negative. Then the final hydnogésorption energy was calculated
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as Eyg = Epngt+E cp. 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
(5,5) CEY
Basis set external internal big pore small pore
Ebind |ECP| Ebind |ECP| Ebind |ECP| Ebind |ECP| Ebind |ECP|
GGA
optimized 5 44 35 231 ég) 43 (185) 47 (1?1) 57
default -15 205 22 318 40 230 -34 369 -17 184
LDA
optimized 70 71 238 234 (igg) 44 (igg) 86 (593%) 110
default 69 233 168 345 117 301 127 428 169 117

Table 3 shows that almost in all ca$E§p| drops after basis set optimization (for example, in the
case of GDY big pordECP| decreased by almost 8 times). However, even with the optimized basis set,
|ECP| is significant in comparison witk,;,; (especially for GGA calculations). Mostly, in LDA calcu-
Iations|ECp| is bigger than in GGA calculations, though, as expedigg, is bigger too (since LDA
overestimates the energy of vdW interaction, and GGA underestimates it [20]). As 4E@§MEbmd

is lower in LDA calculations than in GGA. All in all, we have not found the general trekg,in 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 poig),; changes only slightly after basis set optimi-

zation, while in other cases the changé&jp,, 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 fBy;,,; 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 (A, =0,36 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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OLUNBKA CYNEPMO3NULUUN BA3BUCHOIO HABOPA: BITUAHUE ONTUMU3ALIUN
ATOMHOMNOAOBHOIO BA3UCA HA BEJINYNHY YPABHOBELUUBAIOLLEU
NOMPABKH

E.B. AHukuHa, B.I1. Becka4ko
FOxHO-Ypanbckuli 2ocydapcmeeHHbIl yHUsepcumem, 2. YensbuHck, Poccutickass ®edepauusi
E-mail: anikinaev@susu.ru

[MpomoxenupoBaHa ancopOIMs MOJEKYJIBl BOJOPO/a Ha YHCTHIX YIJIEPOJHBIX HaHOMAaTepuasax
HU3KOHM pa3MepHOCTH: yriepoiHbix HaHoTpyOkax (YHT), enunne u rpaduaune. Mcnons3oBanuch aBa
MOJAX0JIa K PA3JIOKEHUIO BOJIHOBOM (DYHKI[MM CHUCTEMBI: IIOCKHE BOJIHBI (makeT VASP) u aromHoro-
nooueie opoutanm (maket SIESTA). Ins YHT, enuna, rpaduanna u rpaduta ObUIM TOTYyYEHBI OINTH-
MaJIbHBIE ITapaMeTPBl aTOMHOIIO00HOr0 O6asucHoro Habopa. Jenbra-Tect ncnonb3oBanubix DFT naxe-
TOB Ha aTOMe yriiepojia mokas3an xopoiee cornacue: Ac = 0,36 maB/aTtoM. Beruncnenne sHeprum aj-
copOiuu BojiopoJia ¢ nonpaskamu boiica—bepHapau mokasano, 4To mocjae ONTUMH3AINN aTOMHOTION00-
Horo Oa3ucHoro HaOopa ommubka cyneprno3uuuu 0azucHoro Hadbopa (BSSE) ymensmaercs. Ilpu stom,
3Ta OMMOKAa MOXKET BHOCUTH 3HAUMTENBHBIN BKJIAJ B SHEPIHIO aJICOPOLUM, TO3TOMY IJISl IOJIyYCHHS
KOPPEKTHBIX Pe3yJIbTaTOB B CJ1a00CBA3aHHBIX CHCTEMaX HEOOXOMMO BBIYHCIISTH SJHEPTHIO aICOPOLIUH C
«ypaBHOBENIIMBAIONIMMU» TOTPaBKaMH TOCie onTHMu3anuu Oaszuca. BerumcieHHBIe TakuM 00pa3om
SHEPTUH afCcOpUONN C TOYHOCTBIO JI0 NOTPEIIHOCTH BBIYMCIICHUS COTIACYIOTCS C pe3yJbTaTaMH, IOy-
YEHHBIMH C ITOMOIIBI0 0a3rca U3 MIOCKUX BOJH, He moaBep:keHHoro BSSE.

Kouesvle crosa: meopusi pyHKyuoHana 31eKmpoHHOU NIOMHOCIU; AMOMHONOO0OHbLIL OA3UCHbLI
Habop; Memoo NPOEKYUOHHBIX COCOUHUMENbHBIX 80JIH; Oelbma-mecm; adcopoyus 6000pooa; yeaiepoo-
Hble HAHOMAMeEPUAIbl.
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