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Metal-doped Single-Walled Carbon Nanotubes
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Mentor Assoc. Prof. Dr. Vithaya Ruangpornvisuti

Abstract

The binding abilities of transition metal atoms on the (5,5) single-walled carbon
nanotube (SWCNT) and the adsorption abilities of hydrogen gas have been studied by using
the density functional theory at the B3LYP/LanL2DZ level of theory. The results show that
binding abilities are in the order: Os > Ru > Ir > Fe > Rh > Ni > Pt > Co > Pd, indicating that
Os atom shows the strongest binding with SWCNT whereas Pd atom shows the weakest
binding with SWCNT. The adsorption abilities of H, gas on the undoped, Pd- and Os-doped
SWCNTs were investigated. The adsorptions of this gas on the Pd— and Os-doped SWCNTs
are obviously stronger than on the undoped SWCNT. In addition, the adsorptions of
hydrogen gas on the Fe-doped pristine and Stone-Wales (SW) defected SWCNTs compared
with the pristine SWCNT were also investigated. The adsorptions of hydrogen gas on the
Fe-doped structures of either perfect or SW defected SWCNTs are stronger than on their

corresponding undoped structures.

Keywords : Carbon nanotube; Gas adsorption; Density functional theory; Hydrogen gas;

Transition metal
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N1INNADILLASHANTINAADY

1. syuvrawiauuAsUauuUNTaRenlulfUwaslsUumessnauvadlany

o vV t:ll a 1 3 £ d' d' 1§ &Y [ ¥
ASANUIMMLASIES19E@D SYaviBUI AT UaULUUR LA LAY wazldumesznau
vodlavzwian (Fe), 3ey (Ru), eeawdeu (Os), lauead (Co), lsifeu (Rh), wosidew (r), fiia
(Ni), Wanies (Pd) wazuwaditu (Pt) mevguiwudfiilsiduiafissduremegud B3LYP/Lanl2DZ

[

IoraansAI

1ASIES19MLEN YTV WID U UASUBUIUUNTAAEY  (CroHyy)  MllalAUAEDEROUvRlany

wamdly  5UA 1.1

UM 1.1 wandlassaieiiadesvesieunlumiveuwuuntauneinlildvsznaslans

1AS9E519NLADYTVBIVIBUUANSTUB UL VUKL AUA 8 B MauYadtany Fe, Ru, Os, Co,

Rh, Ir, Ni, Pd @z Pt (TM-SWCNT %38 TM-CgoHo, TM = Tanzunguddu) A uiiudd
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ilaidutianssAuvemeug B3LYP/LanL2DZ wanslugudl 1.2 nansAnnuandliiuinviewly

ASUBUEINTABRdUA VB nauTRlaneAIeY 1a

Uil 1.2 uanslassaiaiiafiosvosisulunsusunuuniafefilivesnoslany (a) Fe-SWCNT,
(b) RU-SWCNT, (c) Os—=SWCNT, (d) Co-SWCNT, (e) Rh—SWCNT, (f) Ir=SWCNT, (g) Ni-SWCNT, (h)

Pd-SWCNT wag (i) Pt=SWCNT
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Toyadalassaiiwesiouluasusuwuuntunsnlilalduuazlfusisesnouvadlans

Fe, Ru, Os, Co, Rh, Ir, Ni, Pd wag Pt uanslumsnei 1.1

a v a k4 ] s o a PN 1§ &Y [24 ¥
AN 1.1 LLﬁ@\‘]GUE]Z‘,{IJaL%ﬁiﬂiﬂﬁi’]ﬂsﬂ@\‘mE]u'ﬂu@'ﬁUEJULL‘UUNUQL@H?Vlilli@ﬂLL@SIWUGTJEJ

aznanvailany A svguiwudfilsidulanissAuremegud B3LYP/LanL2DZ

Bond distance (A) Bond angle (°)
TM-SWCNTSs

CL-TM™ C2-TM™ C3-TM™  C1-TM-C2™°  C2-TM-C3™ C3-TM-C1™"
SWCNT (singlet) 1442 1418 1441 1186 118.6 1203
Fe-SWCNT (singlet) 1797 1805  1.797 94.4 94.4 99.5
RU-SWCNT (singlet) 1908 1939 1908 89.9 89.9 95.3
Os-SWCNT (singlet) 1911 1911 1911 90.6 90.6 97.6
Co-SWCNT (doublet) 1802 1838  1.802 93.7 93.7 98.7
Rh—SWCNT (doublet) 1923 1964 1923 89.1 89.1 94.7
Ir-SWCNT (doublet) 1920 1920 1920 90.4 90.4 96.9
Ni-SWCNT (singlet) 1809 1899 1817 89.2 92.8 98.4
Pd-SWCNT (singlet) 1956 2036  1.956 85.7 85.7 93.8
Pt-SWCNT (singlet) 1946 2023  1.946 88.1 88.1 96.7

°C1, C2 way C3 Wuaraaum$uauuL SWCNT ?ja"lﬁﬁmumugﬂﬁ 1.1

° ™™ Wuszmenvedlansunsudduiiliuasuy SWONT (g5uil 1.2 Usznev)

ATNSIUNISEATU (AE,) wazAnsiUdsuwUamamasiulauing (eunnal, AH way

NAIUBATEAVE, AG) vosvipuluAsUsuNLAUAIEaEnaulany Fe, Ru, Os, Co, Rh, Ir, Ni, Pd uag



24

Pt La@luAN51991 1.2 91NASHNUINATNANIUNISTATUTEMIN0EMBULANE LALLM UAISUBUIIAN

Winiu —187.46, —219.86, -240.66, —125.37, —-162.23, ~194.87, —135.76, -86.05 way

-143.72 kcal/mol dwsuvieunlunnsuouiilauaielans Fe, Ru, Os, Co, Rh, Ir, Ni. Pd uag Pt

Y

ANUAINU  LAZAIANNAINITOLUNNSEATUTENINREANlanzAUTIauNluANS UL sannua1a Ul ae Tl

Os > Ru > Ir > Fe > Rh > Ni > Pt > Co > Pd

ANSI9N 1.2 LAAIATNAIUNISERTUBAaAINISUAsURUaawasiulauning veaviaunluAsuau

[y

o vy | Y a o ° 1Y a & aa sy o = =
LL‘U‘UNU\TL@EJ']V]I@U@'JEJ@%@@&IIHVI%LL‘V]?U"'U?]‘L! ﬂ']u’lm@')ﬁ%ﬁ]ﬂ{]Lﬂu%Vlﬂﬂﬂ%uua NITAUVVDING W)

B3LYP/LanL2DZ
SWCNT + TM —> TM-SWCNT AE, ’ AH 305 ’ AG 505 ’
SWCNT + Fe — Fe-SWCNT -187.46 -187.93 -178.41
SWCNT + Ru —> Ru-SWCNT -219.86 -220.19 -210.56
SWCNT + Os —> Os-SWCNT -240.66 -240.91 -231.14
SWCNT + Co —> Co-SWCNT -125.37 -125.74 -116.36
SWCNT + Rh —> Rh—-SWCNT -162.23 -162.44 -153.03
SWCNT + Ir = Ir-SWCNT -194.87 -195.05 -185.44
SWCNT + Ni —> Ni-SWCNT -135.76 -135.72 -127.55
SWCNT + Pd —> Pd-SWCNT -86.05 -85.91 -77.29
SWCNT + Pt — Pt-SWCNT -143.72 -143.70 -134.49

* ey kcal/mol
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A natural bond orbital (NBO) Waaslumsnedl 1.3 9nesewuinAseq NBO ves

d‘ & 1 6 al <3 5
2eMaULANEI AU UUNBUIUAISUB UL ALTUUINTINUA

M13°99 1.3 4aner1Uszq NBO (in e) vesviawilumsuauilaumelany Auiamengug

Wuddiflsiduiafisefuvemaud B3LYP/LanL2DZ

Systems/Binding s b b b
™ c1 c2 c3
configurations

Fe-SWCNT 0.434 -0.042 -0.005 -0.042
Ru-SWCNT 0.374 0.017 0.020 0.017
Os-SWCNT 0.576 -0.056 -0.039 -0.056
Co-SWCNT 0.575 -0.081 -0.085 -0.081
Rh—-SWCNT 0.498 -0.028 -0.036 -0.028
Ir-SWCNT 0.644 -0.077 -0.093 -0.077
Ni-SWCNT 0.722 -0.113 -0.173 -0.129
Pd-SWCNT 0.726 -0.084 -0.128 -0.084
Pt-SWCNT 0.854 -0.134 -0.167 -0.134
Cu-SWCNT 1.028 -0.165 -0.450 -0.175
Au-SWCNT 1.053 -0.205 -0.525 -0.212
Zn-SWCNT 1.547 -0.385 -0.464 -0.391
Hg-SWCNT 1.220 -0.221 -0.355 -0.221

* ™M usrnonveslavensudduiilfivasuu SWONT (Qgﬂﬁ 1.2 Usznav)

® €1, C2 uaw €3 {WuesmonaSUBLUY SWCNT ?ialﬁﬁmumugﬂﬁ 1.1
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ATNENU  highest occupied molecular orbital (HOMO), lowest unoccupied
molecular orbital (LUMO) Wa AFiovoiume VoWiouilupsveuilgvozneuvodlany uansly
A5 1.6 INANTRNUIIAT AFovo-Luno V0euTuasusuilaulany Fe, Ru, Os, Co, Rh, Ir, Ni,
Pd waz Pt dAuvidu 1.606, 1.660, 1.579, 1.905 (alpha) and 1.551 (beta), 1.769 (alpha) and

1.660 (beta), 1.769 (alpha) and 1.633 (beta), 1.551, 1.606 wag 1.660 eV aUa10U

A15199 1.4 LARIAINEIIE HOMO LUMO 1ae AE ovo-Luvo VB8IMBUNUATSUBULUUNLAAY?

fumeoznoulavy Mulasengulwufiisdula Nssauvemgud B3LYP/LanL2DZ

a a a

TM-SWCNTSs Evumo Erono AE oo 1umo
SWCNT ~2.748 4762 2014
Fe-SWCNT 3,076 _4.681 1.606
RU-SWCNT 2,967 4627 1.660
Os-SWCNT ~3.021 ~4.600 1579
Co-SWCNT ~2.640 (alpha) ~4.545 (alpha)’ 1.905°

~3.239 (beta) ~4.790 (beta)’ 1.551°
Rh-SWCNT ~2.640 (alpha) ~4.409 (alpha)’ 1.769°
~3.103 (beta) ~4.763 (beta)’ 1.660°
Ir-SWCNT -2.667 (alpha) ~4.436 (alpha)’ 1.769°
~3.130 (beta) ~4.763 (beta)’ 1.633°
Ni-SWCNT 3,021 4572 1551
Pd-SWCNT ~2.858 ~4.464 1.606
Pt-SWCNT 2831 ~4.491 1.660

, b
* wihewdu ev, Esomo CAESOMO*LUMO
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JUT 1.3 uanwinunieeasinaves HOMOs %38 SOMOs wag LUMOs vesviaulumsuau

laumeearnaulany nuitdumiswes HOMOs %38 SOMOs A¥aguiineznouvaslaneunsuddy

Ul 1.3 uanshumisensdviaves HOMO waz LUMO vesvieulumsusuilliusmeeznelans
(a) Fe-, (b) Ru-, (c) Os-, (d) Co-, (e) Rh-, (f) Ir—, (g) Ni-, (h) Pd- wag (i) Pt-SWCNT, A

JYAUVDIMNG W) B3LYP/LanL2DZ
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n37% Density of States (DOSs) ¥83vauluUAITUBUNIAUMEBEADNlANE LN TUTTULEAS

Tugui 1.4

gﬂﬁ 1.4 uanIN31W Density of States (DOSs) vasviewluauauTliUMeaznoulany (a) Fe,

(b) Co, (c) Ni, (d) Ru, (e) Rh, (f) Pd, (g) Os, (h) Ir tag (i) Pt
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2. msgaduuialalasiauuuviaunluasvauililivuazlivaznaulans

2.1 migaduuiialalasiauuwvisunluasveunlidlivuaslavesneulave Pd uaz Os

LY o

nnsfnwmsiivlavensudduasuuvie SWCNT wudtlave Os (Judgadunanan luvaed

Y

lave Pd gadulaseungn duulunsnwiseriesdadentldlave 2 fil lnuasuuvia SWCNT Liveld

Anwinsaaduuiidlalasiausiely

lassaeiiadesvesnisgadunialalasiauuwrieunlumiveunlidlivuayidvssnaslans

Pd way Os fummenauiiudfilsidutaisefuvemyul] B3LYP/LanL 207 uanslugud 2.1

JUN 2.1 wandlpssaseiafiosvesnisaadusiidlalasiauuwrieunluaiveunlilivuaslivesnay
Taviz Pd waz Os Awnmenguinudfilsidutaissiuveamned] B3LYP/LanL2DZ s3eg5eining

WUsSTLAAI UL A
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FUsN9IATIES19UDIVB U TUANSUB UL UUNUAeI LAY wazviauluasuauilay

v v

melave Pd uay Os Ngaduiunialalasiau wandumsnd 2.1 wuindegaduuialalasiau M
ANUEMINUSESYNING  C1-C4, C2-C4 and C3-C4 vpwawllumsvaunbilauniglansly

a P & Y ) ' 'y A o A o & 4 | o
Waguwlas  kazkilalaumelanekainuInAugIINUSE NS ALLAINUEL U LU A 19TmLa U

1Pe9iANNEIINUGEIENIN Pd-H(H,) 819031 UsE 58119 Os—H(H,)

A9 2.1 srndsnalassastseaviauluasusukuundafenlilaldulasldumeasnaulany
Pd uaz Os karasusznauvewisullumiveunliume Pd uay Os Mgaduiuuialelasiau A

senguiudiflitudafissfuvemaud B3LYP/LanL2DZ

Adsorbent/Adsorption Bond distance (A) Bond angle (°)

configuration CL-TM™  C2-TM** C3-TM™® TM-X" C1-TM-C2™° C2-TM-C3™" C3-TM-C1*"
SWCNT 1442 1418 1441 118.6 118.6 120.3
H,/SWCNT 1441 1418 1441  3.142 (C-H) 118.7 118.7 120.2
Pd-SWCNT 1956 2036  1.956 85.7 85.7 93.8
H,/Pd-SWCNT 1961 2053  1.961 2.404 (Pd-H1), 84.9 84.9 92.0

2.448 (Pd-H2)

Os-SWCNT 1911 1944 1911 90.6 90.6 97.6
H,/Os-SWCNT 1915 1963  1.9152.113 (Os-H1), 89.7 89.7 97.3

2.163 (0s-H2)

1, C2 way C3 WuszmauAISUBLUY SWCNT ﬁﬂﬁﬁmﬂﬂugﬂ 1.1

® ™M fuszmenvadlavy Pd wie Os fllfiUatuy SWCNT (g3uil 1.2)

“T™ Juemenveslany Pd wie Os filiuasuu SWCNT wse ezney C (g3Uil 1.1) uaz X Aeevnouiigaduuiia (Q3ui 1.2)



31

Anasunsgaduiialalasiau (ALq) gosiouTumsuauiilllelay waglfuseoznoy
vadlavie Pd war Os wazAINsenglouyUsequidiy (partial charge transfer, PCT) ¥minq
nszuaunsgaduuialalasiauvemiounlumsvou  uandlumsnedl 22 wuhAn PCT  ¥psufia
lelasiuiigngeduiiandunin  wagArmnuansalunisgeduuialelnsiauvesiounluasueud
TiuseeznouveslangiidunnniniounTuadvewiilulldlfu Aseq NBO vesozmousineg dwmiy
mageduufdlalasiauvesiounlumsueuililfivuagiiuseosnesmaslans Pd way Os uanslu

AN 2.3

M990 2.2 Amdsnunsaadulia (AE,y) WagAn partial charge transfer (PCT) vesieunlu

mfueuilildliu uazlfusmelans Pd uay Os Aunufiseiuveanguf B3LYP/LanL2DZ

Adsorbent/Adsorption configuration AEadSa PCTb
H,/SWCNT -0.16 0.000
H,/Pd-SWCNT -2.09 0.018
H,/Os—SWCNT -5.94 0.187

* ey kcal/mol

b a ' a o ' o v A <
‘LJEJ']EJ%']ﬂﬂ']ﬂ’]iLUaEJULLU@\TU?Z‘\}‘U@QLLﬂﬂlSI@IiLQUﬂBULLa%‘Ma\‘lﬂWi@J@‘ﬂU Tvdelu e
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M19197 2.3 A1UsEY NBO (in e) vasviaunluasusuiililiy uaslivoznawlane Pd waz Os

o

flgeduufia Audniissiuvomaud] B3LYP/LanL2DZ

Systems/Adsorpti Adsorbent Adsorbate

on configurations 1’ 7’ 3’ ™

H,/SWCNT -0.009 -0.005 -0.009 -0.008 (C) H1=0.002, H2=-0.002
H,/Pd-SWCNT -0.087 -0.119 -0.087 0.735 H1=-0.005, H2=0.023
H,/Os-SWCNT -0.393 -0.364 -0.393 0.705 H1=0.072, H2=0.115

°C1, C2 way C3 WuezmauasuauUY SWCNT éﬁalﬁﬁmﬂﬂugﬂﬁ 1.1

® ™M Hussmenvedlavy Pd vie Os #ilfivasuu SWCNT vioernon C (3ufl 1.2)

A1 ELumos Erovo 488 AFrono oo Vosiounumsuauiililalay vieuTuansuouiilay
svezaeulans  vieulumsueulilfiugaduufa uazviemlumsueuiliveznexlavzgaduufa
wanslussnedl 4.6 ararieshufisenduimsvesieuilunsueumariizosmuddudo HySWONT
> Hy/Pd-SWCNT > Hy/Os=SWCNT 2108150971 2.8 81 AEomo.Lumo U8iaunlupsuaudildlalaud
gaduufalalasiauidnnnniwieulumsveuiilivesneslansiignduuialelnsiau  vsuenlsimsw

dwmﬁaméﬁ’uLLﬁ”aiaImLﬁ]ummsaﬁﬂﬁamﬁ’aL%aét,ﬁﬂmaﬁﬂﬁmawia SWCNT wagunuasagnatnLau



A15199 2.4 LAASA ELunos Erono, AEromo-Lumo B¢ AAE ovo-Lumo VBauluA1Suaui bila

1 vieunluansueuilay Pd wag Os uagvisunlumsauilay Pd uay Os gaduuia A1l

JYAUVDMG W) B3LYP/LanL2DZ

a

a

a,b

Adsorbent/Adsorption ELumo Eromo AEvomo-Lumo  AAEvomo-Lumo
configuration

SWCNT -2.748 -4.762 2.014 -
H,/SWCNT -2.667 -4.871 2.204 0.19
Pd-SWCNT -2.857 -4.463 1.606 -
H,/Pd-SWCNT -4.436 -2.803 1.633 0.03
Os-SWCNT -3.021 -4.599 1.578 -
H,/Os—=SWCNT -2.857 -4.544 1.687 0.11

a
In eV

° Defined as AEHOMo_LUMo(adSOrbed SWCNT) - AEHOMO—LUMO(SWCNT) and AEHOMO—LUMO (adsorbed M—doped SWCNT)

AFEovo-Luvo (M—-doped SWCNT) for systems of SWCNT and TM-doped SWCNTSs, respectively

33

lafianseaiidvia HOMOs war LUMOs vasviouniunisuaunliunie Pd uaz Os gadu

wialalasiau wansdsgun 22 angunudvurieedessivia HOMOs vewiawiluaisuaudlay

my Pd war Os 7igeduufialalasiauazegiusinesnouvedaveuiuleiisuiueaid

HOMOs wasiauluAsusulaUmelanendslinaduuiialalasiau

Y]

a
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gﬂﬁ 2.2 UAAIFILIALS HOMO wag LUMO 44 (a) Hy/Pd-SWCNT wa (b) H,/Os—SWCNT funail

JYAUVDIMG W) B3LYP/LanL2DZ
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n31W Density of States (DOSs) vawiawlumsueuiiliusieazneulans Pd uaz Os i

anduuialalasiau wandluzui 2.3 war 2.4 aud1au

9
L]

gﬂﬁ 2.4 uanan3 W Density of States (DOSs) U843 (a) Os—SWCNT Wa (b) Hy/Os-SWCNT

U

7 2.3 uanansm Density of States (DOSs) U84 (a) PA-SWCNT waz (b) Hy/Pd-SWCNT
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2.2 migagusiidlalasiauuwrieunluasveunuuuninldlaliu viewlumisusuiuuunanlay

P18 Fe waryiauluAISUaULUUUNNIa97laUMe Fe

JUN 25 uandlassaiiavesieunluasusuwuuln@ (PS-SWCNT) vieunluansusuuuu

UANTDI 7-5-5-7 SWCNT (SW1-SWCNT) wazyiaunlum1suauwuuunngad 5-7-7-5 SWCNT (SW2-

o A U a

SWCNT) fildannsiumsnenguiiudiflaiduiaiseduvemgud B3LYP/LanL2DZ

gﬂﬁ 2.5 LLamIﬂiaagwﬁvLﬁmﬂmiﬁﬂmmﬁizé’fwawqwﬁ B3LYP/LanL2DZ ¥84 (a) PS-SWCNT,

(b) SWI1-SWCNT uag (c) SW2-SWCNT
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Ul 26 uanslassairsvesviaunluasusuluuUn@ (PS-SWCNT) sieurlumsusunuy
UMDY SWI1-SWCNT wag SW2-SWCNT fiiinslfuse Fe auanilaglivguidiudileddudan

JYAUVDIMG W) B3LYP/LanL2DZ

gﬂﬁ 2.6 LLamImaa%fNﬁlﬁmﬂmsﬁwmmﬁszﬁwaamwﬁ B3LYP/LanL2DZ (a) Fe—-PS-SWCNT, (b)

Fe-SW1-SWCNT uag (c) Fe-SW2-SWCNT

NIATIASTNAUILS  WUIAIAINNENNINUSEYDBUNTUANS U ULUIUUNATII NS IAUAE

[

Fe fldndali C1-Fe=1.805 A, C2-Fe=1.797 A uag C3-Fe=1.797 A dsnuiiiaunnniianuen
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1

WusyvewisulumsusuLuuUnaTlifinsIgUmme Fe @adiassll C1-C=1.418 A, C2-C=1.442 A
uay C3-C=1.441 A uenuniudldmenueyuiussuamounTuavouuuunifiinisTduse Fe
3 C1-Fe-C2=94.4°, C2-Fe-C3=99.5° way C3-Fe-C1=94.4° Gﬁqwudwﬁmﬁaﬂﬂ'ﬁwLﬁal,ﬁauﬁuﬁmu
WuszresiewluASUsuLUUUNARlITNSTE U Fe @allandsl C1-C-C2=118.7°, C2-C-C3=120.2°
wag  C3-C-C1=118.7° andeyaasulidimslaume Fe  uvwvisunlupsusuwuuUnfiinayinl

lassaisvewiausnaninisiaume Fe dnswieugd Baluaniey

Tassasvedduanalalnsiauiigngadusevieunlumsuouildlslfusme Fe wagiliuse
Fe Aunashenguiiudilsidudaissiuvomqud] B3LYP/Lanl20Z uandlugudl 2.7 wa 2.8
pudU wazAduUsdasiainsunsdusandunsed 25 nnsAnanuimgadulia
lelasiauuwieulumfueulifinisliiuse Fe Amrmeniuszues C1-C, C2-C uay C3-C il
Wasuulas  winsgedunidlslasiouuuieunlumiveuiinisliuse Fe  dnavilsiainnuem
fuszre9 Cl-Fe, C2-Fe upy C3-Fe smniitlifimsgadunfalalnaau uonandudefisnsanan
yuiusznuInsgeduuidlelasiauuuvionnlumivouilifinsliusme Fe Ausfusyszming C1-
C-C2, C2-C-C3 way C3-C-C1 laifinmsiasuutas winisgeduuidlslasiauuuvionnlumiveuiiing
TiUshe Fe Tinavinlvimapifusyseming C1-Fe-C2, C2-Fe-C3 Wag C3-Fe-Cl1 uauniudlowFeuidiou
fuiilsifimapaduuialalnaon  aindoyatliifiuinnisgeaduuidlelanauiinarelassasieuiiomia

nsaagudmsurieunluasueuninislauiig Fe unnnimeuilumsueuiilidinislauiie Fe



39

AN5199 2.5 AP ASIas19UsalIuTRaiaunTuA s Uaun llALaYU vieuluasusulaUs e

Fe uagviowlumsuauilaume Fe gaduuialalasiau Auiniseduveangud) B3LYP/LanL2DZ

Bond length (A) Bond angle )
Species
caT™M® oot T TM-H®  C1-TM-C2®° C2-TM-C3*°  C3-Tm-C1*°
PS SWCNT 1.418 1.442 1.441 118.6 1203 118.6
Fe-PS SWCNT 1.805 1.797 1.797 94.4 99.5 94.4
H./PS SWCNT 1.418 1.441 1441 3.142 (C-H1) 118.7 120.2 118.7
3.886 (C-H2)
H,/Fe-PS SWCNT 1.818 1.799 1799 1.980 (Fe-H1) 93,5 99.0 93.5
2.016 (Fe-H2)
SW1 SWCNT 1.406 1.468 1.468 108.9 120.7 108.9
Fe-SW1 SWCNT 1.782 1.884 1.884 85.2 91.6 85.2
Ha/SW1 SWCNT 1.406 1.468 1468 3.442 (C-H1) 108.9 120.7 108.9
4.174 (C-H2)
H,/Fe-SW1 SWCNT 1.786 1.888 1.888  2.096 (Fe-H1) 84.49 88.84 84.49
2.170 (Fe-H2)
SW2 SWCNT 1.352 1.467 1.467 126.6 106.8 126.6
Fe-SW2 SWCNT 1.690 1.831 1.831 99.1 91.7 99.1
Ha/SW2 SWCNT 1.353 1.467 1467 3.406 (C-H1) 126.6 106.8 126.6
4.168 (C-H2)
H,/Fe-SW2 SWCNT 1.686 1.840 1.840  2.094 (Fe-H1) 98.2 90.4 98.2

2.094 (Fe-H2)

1, C2 way C3 Wuszmaumuauuy SWCNTs %qiﬁﬁmumugﬂﬁ 2.5

° TM Aeogzmen C waa SWCNT flalldlfisne Fe uag SWONT AlfUMe Fe faguil 2.5 way 2.6 muadu
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g'ﬂi‘/’i 2.7 LLamIﬂsaa%fNﬁlé’mﬂm'ﬁﬁflmmﬁszé’maqmwﬁ B3LYP/LanL2DZ ¥84 (a) H,/PS-SWCNT,

(b) Hy/SW1-SWCNT 18 (€) Hy/SW2-SWCNT AHg1Ifusehandbumiag A
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sUT 2.8 uanslassadeiildannisiuiniissfuromaui] B3LYP/LanL2DZ 84 (a) Hy/Fe-PS-

SWCNT, (b) H,/Fe-SW1-SWCNT wag (c) Hy/Fe-SW2-SWCNT AauenInusywandbumioe A

AT 2.6 LEAAIATWNAIIUNNSEAIUTDY  Fe  UUYIBWIIUAISUBU  R1ARNSINUIN
NSTUIUNISEATUARATULTURUUAIALSDY  LazAIALE NNsaluNsERduISsenudauUlaeadl:

Fe-SW2-SWCNT (AE, = —219.36 kcal/mol) > Fe-PS-SWCNT (AE, = -188.99 kcal/mol) > Fe-

SW1-SWCNT (AF, = ~140.36 kcal/mol) 91fiudn SW2-SWCNT SlAmdssunsiaduif Fe gaiian
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o ! (Y = o & a5 ey ' 3 & a !
A151991 2.6 LAASAINAIUNSEATUMANTILAUULYIOUN IUAISUBUTILUUUNR  LagLUUUNNTDY

Fuifisedureamnud B3LYP/LanL2DZ

Species AE,

SWCNT + Fe — Fe-PS SWCNT -188.99
SWCNT + Fe — Fe-SW1 SWCNT -140.36
SWCNT + Fe — Fe-SW2 SWCNT -219.36

* ydedu kcal/mol

msgaduufalalasauuurionlumivounuunauazuuuunmsesilililise Fe uas
vuvieulumsUsuLuLUNARaskUTUNNT o TIlR UMY Fe wuinszuunsiiaduuuumends
sniunmsgaduuiauuieulumiveunuuunnsesilillaliusne Fe wuiiie SW2-SWCNT ansga
FuduuuUgANEIL AMAIUNISARdULAZ partial change transfer (PCT) wanslun1sne 2.7 @
PCT  Aormnuunnsinsvosszqszminslelnsiauiigngaduuuiounluaiusuiulslnsiouiilignge
#u wud1en PCT vadlalasiauuuviewilunfueufiinisifude Fe Sanmnnitvuriouiluasuoui
Lifinsldusig Fe Aranuanansatunisgaduuialalasinuuuriaunluamsvausie Sewiuaaula
f?f\‘iﬁ: H,/Fe—PS SWCNT (AE,4, = —5.49 kcal/mol) > H,/Fe-SW2 SWCNT (AE,4 = —3.88 kcal/mol) ~
H,/Fe-SW1 SWCNT (AE,g = —3.25 kcal/mol) > Hy/SW1 SWCNT (AE,4 = -0.16 kcal/mol) =
H,/PS SWCNT (AE,q = -0.15 kcal/mol) mﬂ%@yjas‘iﬁﬁ,ﬁu’iwiamium%uauLLUUﬂﬂaﬁﬁmﬂﬁﬂé”w

Fe anunsagaduuialalasiaulanian
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A15199 2.7 LLammwé’NmmiQm%’U (AE,qs) Wag partial change transfer (PCT) vp9lglasiauuy

| s & a ! a5 e v Y ° cs' Y] a
vioulumsuaunsuuUnfuasuuuunnses  Nlildvuazliivsneg Fe  AuiniiszAuvemgud

B3LYP/LanL2DZ

Species AEadsa PCTb
H,/PS SWCNT -0.15 0.000
Hy/SW1 SWCNT -0.17 -0.001
Hy/SW2 SWCNT 0.02 0.000
H,/Fe-PS SWCNT -5.49 0.080
H,/Fe-SW1 SWCNT -3.25 0.031
H,/Fe-SW2 SWCNT -3.88 0.054

“ ey keal/mol

b a ' a o ' 9 o A 2
uEﬂlﬁﬂﬂV’nﬂ'ﬁL‘UaEJ‘NLLﬂaﬁ‘Ui%i}‘U@ﬁLLﬂﬁvLﬁiﬂiLQuﬂauLLﬁﬁﬂaﬂﬂ’ﬁaWUU Indelu e

ANENTUSTER AU SaRtULTalalasau (AL, vuvieuluA1suaunlilay
wazliusae Fe uazA1 PCT vadlalasiauuuviaunlumsvautansisgui 2.9 wudvisuiluasueuid
MslAusae Fe WA PCT Wndu Amasnunisgaduuialalasiaundianiudusieg dliiuiinis

dneleudseginniinavilinmdsunisgadunialalasiauiaimn A1Useq NBO vedoznausiige

vwrieunlupiueuniinislauiieg Fe Ngaduuiidlalasiauansdanisned 2.8



:.g = I\HTIIIFE-SWQ SWCNT
4 4 -
_5 -
H,/Fe-SW2 SWCNT
'6 L I b I ¥ ]
0.02 0.04 0.06 0.08
PCT (e)

JUN 2.9 uansanuduiusseniamdnunisgadunialalasiau (AL, vuvieunlumsveunlla

Tadwazlauae Fe fuan PCT wadlalasiauuuviouilumsuay

a4
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M15199 2.8 AU NBO (in e) Yotozmawsineg Ninsgaduniauuieuilunisuauwuuuni

VOUNUANSUBULUUUNNTDY  Y19UIUANSUBULUUUNALAZYIoUTUANS U ULUUUNNS 89N LAY

fy Fe Anuissiuvemeusd B3LYP/LanL2DZ

Systems/Adsorption s ) s b c c
C1 c2 C3 ™ H1 H2
configurations
H/PS SWCNT -0.005 -0.009 -0.009 -0.008  0.002 -0.002
H,/Fe-PS SWCNT -0.019 -0.012 -0.012 0367  0.067 0.013
Hy/SW1 SWCNT -0.008 -0.017 -0.017 -0.008  0.011 -0.012
H,/Fe-SW1 SWCNT 0.082 -0.108 -0.108 0.461 0.009 0.022
Ho/SW2 SWCNT -0.020 -0.020 0.012 0.011  0.002 -0.002
H,/Fe-SW2 SWCNT 0.082 -0.045 -0.045 0.389  0.027 0.027

1, C2 war C3 WuszmauasuauUL SWCNT %ﬂlﬁﬁmﬂﬂugﬂﬁ 2.5

° TM Aeogmen C waa SWCNT flaildTfise Fe uag SWONT AliUMe Fe fsguil 2.5 waw 2.6 muddu

“H1 uwaz H2 Wuomeniignaaduuu SWONT AlilFlfUse Fe uaz SWONT AliUMe Fe sldonililuguil 2.7 uas

2.8 eUaGU

A ELuvos Erovo %88 AEy | (138 Afrono-Lumo), global hardness, chemical potential

wag electrophilicity @wusuvieunluamsveunlilaldume Fe wazvisurluasusuluuUnfLagiuy

unnsesiinsiiume Fe Ngaduuialalasiau uanddunisnn 2.9 anulethiufiseduivsvesyie

(%

wluasueumaisesnugulasd H,/Fe—-SW1 SWCNT > H,/Fe-SW2 SWCNT > H,/Fe-PS

SWCNT @1 AE,,, vewiaunluasusuilaunie Fe dataaninviauiluasveunlilalauae Fe



Table 2.9 Quantum molecular descriptors vasipuluasUBUNALAU viouluarsusu

WUUUNG WUuUnnsasiliueie Fe uagviaunlupnsuauhuuung wuuunnsesiiliueie Fe 7gn

Fuufalalasiau Annafissiuvemaud B3LYP/LanL2DZ

Species ELUMOa E HOMOa AE H—La AAEHfLayb 77C ,Ud o
PS SWCNT -2.748 -4.762 2014 - 1007 3755 7.099
Fe—PS SWCNT -3.076 -4.872  1.605 - 0.802 3879 6.036
H,/PS SWCNT -2.667 -4.871 2204 -0.19 1.102 3.769 7.827
H,/Fe-PS SWCNT -2.884 -4.653 1.769 -0.16 0.884 3.769 6.281
SW1 SWCNT -2.939 -5.143  2.204 - 1102 4.041 8.998
Fe-SW1 SWCNT -2.939 -4.953 2014 - 1007 3946 7.838
Hy/SW1 SWCNT -2.939 -5.143  2.204 0.00 1.102 4.041 8.998
H,/Fe-SW1 SWCNT -2.884 -4.898 2.014 0.00 1.007 3.891 7.623
SW2 SWCNT -2.830 -4.898 2.068 - 1034 3864 7.720
Fe-SW2 SWCNT -3.075 -4.735 1.660 - 0.830 3905 6.328
H,/SW2 SWCNT -2.830 -4.898 2.068 0.00 1.03¢ 3864 7.720
H,/Fe-SW2 SWCNT -2.884 -4.708 1.823 -0.16 0912 3796 6.568

* mhedu ev

® Defined as AE,, (Hy/SWCNT) — AE,, (SWCNT) and A, (Hy/Fe~SWCNT) — AL, (Fe~SWCNT) for systems of SWCNT

and Fe-doped SWCNTSs, respectively
‘ 1 = Global hardness = (I = A)/2; I= —Eomo and A = —E_ywo
° 4 = Chemical potential = (/ + A)/2

‘w= Electrophilicity = ,u2/277
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AuanIea3UYa HOMOs uag LUMOSs vaviaunluamsusuluuunfuagiuuunnsaeilay
My Fe wagviowilunsuauluuUnfAnazuuunnsasiliumie Fe gaduunialalasiay wandlugun

2.10 wag 2.11 ANUAIAU

gﬂﬁ 2.10 uansuitand HOMO Wag LUMO ¥81 (a) PS-SWCNT, (b) SW1-SWCNT uay

(0) SW2-SWCNT funnufisediuvesmaud] B3LYP/LanL2DZ
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Ul 2.1 wansu3nawesesidvia HOMO uag LUMO wesnisgedunialelasiauuuvionnluaiueu
WUURINNE ARUEe Fe Ul (a) PS-SWCNT, (b) SWI1-SWCNT way (c) SW2-SWCNT funafisydues

M99 B3LYP/LanL2DZ



n3719 Density of States (DOSs) 989M8UNUAISUBULUUUNR YioULUAISUOULUY
unnied viewnluasuauLUUUNAkAZUUUUNNTRWLAUME Fe visunluasuauluuUnFkazuUY
unniesigaduuialalasiau wazvieunluasusukuuUnAkasuuuNNIBInlaUMmeY Fe waznadu

wiialalasiau wanslugun 2.12

gﬂ‘ﬁ 2.12 wa@nans W density of states U84 (a) PS, (b) SW1, (c) SW2 (d), Fe-PS, (e) Fe-SW1, (f)
Fe-SW2, (¢) H,/PS, (h) Hy/SW1 (i) Hy/SW2, (j) Hy/Fe-PS, (k) Hy/Fe-SW1 wag (1) Hy/Fe-SW2
SWCNTs

a9
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Abstract The adsorption of NO», NH;, H>O, CO; and H:
gases on the undoped, Zn-, Pd- and Os-doped armchair
(5,5) single-walled carbon nanotubes [(SWCNTs) were
studied using density functional method. The adsorptions
of these five gases on the Zn—, Pd- and Os—doped SWCNTs
are obviously stronger than on the undoped SWCNT and
their adsorption abilities are in the same order: NO, = NH; =
H;O = CO; > H;. Adsorption energies for all the studied
gases on the undoped, Zn-, Pd- and Os—doped SWCNTs
computed at the BALYP/LanL2DZ level are reported.

Keywords Adsorption - Carbon nanotubes - Gases -

Osmium-doped - Palladium-doped - Zine—doped

Introduction

Carbon nanotubes were discovered by lijima [1] and
single-walled carbon nanotubes (SWCNTs) were found
[2]. SWCNTs have generated strong interests because of
their noticeable chemical and physical properties and
potential applications in mechanical, electronical were
widely studied [3-7]. Adsorptions of NO; [8-11], N2Oy4
[10], Oz [9], NH3 [9, 12], N [9], CO- [9, 11], CH4 [9],

Electronic supplementary material The online version of this article
(do1:10.1007/s00894-011-1047-y) contams supplementary material,
which is available to authorized users.

C. Tabtimsal - 5. Keawwangchal - B. Wanno

Center of Excellence for Innovation m Chemistry and Department
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Chulalongkorn University,

Bangkok 10330, Thailand

e-mail: vithaya. r@chula.ac.th

H,O [9], H> [9, 13] and Ar [9] gases on unloaded-
SWCNTs were studied. Hydrogen storage by adsorption on
SWCNTs and in multiple-walled carbon nanotubes
(MWCNTSs) was reviewed [14]. Due to electronic proper-
ties, NO; and O, adsorption are sensitive to the electronic
properties of SWCNTs [9]. As no charge transfer between
the tube and molecules, NO,; and C0O, molecules adsorb
weakly on the tube wall [117. Our previous works, adsorption
of water [15], C1-C3 alkoxides [16] and nitrosamine [17] on
various cap-ended and open-ended armchair (5,5) single—
walled carbon nanotubes were studied. The sidewall additions
of diazomethane to (n,n), n=3-10 armchair SWCNTs on two
different orientations of C—C bonds in our previous work [18]
were studied using ONIOM approach.

The metal-doped SWCNTs on their adsorption of small
gaseous molecules were therefore widely studied for their
gas sensing properties. The adsorptions of CO [19, 20], NO
[19], NH3 [19], N5 [19], H; [19, 21], C,H4 [19, 21] and
C3H, [19] gases on Pt—doped SWCNTs were studied. The
adsorption ability of CO [20], H; [21], C5H, [21] onto the
SWCNTs can be enhanced by Pt doping into the side wall.
The CO-adsorption on Rh-decorated (8,0) SWCNT [22
was studied using density functional theory (DFT) calcu-
lations. The adsorption of Hy on the PA-SWCNT [23]. The
experiments have also shown that transition metals (TMs)
nanoparticles of Co, Ni, Ir, Pt, Ag, Rh, and Pd dispersed in
carbon nanostructure have been synthesized and measured
their hydrogen storage [24]. Moreover, theoretical calcu-
lations show the strong interaction between TMs (Sc¢, Ti, V|
Ce, Mn, Fe, Co and Ni)} with SWCNTs [25-27]. These
results are described by the electron transferring process
between gases and tubes resulting in the increasing of the
conductance of the nanotubes [19, 28]. Recently, laboratory
and theoretical studies have shown that SWCNT doped Rh
nanoparticle can be used to detect CO at room temperature
[20]. Adsorption of NH3 on Stone-Wales defective carbon

ﬂ Springer
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neighboring carbon atoms of SWCNT. The bond lengths
between doped metal and carbon atom, M-C are in order:
Zn-C > Pd-C > Qs-C. These M-C bond lengths
correspond with sizes of Zn, Pd and Os metals.

The computed IR spectra of the B3LYP/LanL2DZ-
optimized structures of the undoped, Zn—, Pd- and Os-
doped SWCNTs are shown in Fig. SI. It shows that
intensities of vibration frequencies within the range of 1100
to 1600 cm™ of metal-doped SWCNTs are remarkably
increased as compared with the undoped SWCNT. The
principal vibration frequencies and their corresponding
intensities are listed in Table 52. There are two dominant
spectra of which wvibration intensities are very strong
namely Seeg=800 ¢cm ' and vey (sym.) = 3100 em L
The lowest unoccupied molecular orbital (Eyne) energy,
the highest occupied molecular orbital (Eyane) energy and
frontier molecular orbital energy gap (AEy_ ;) for the
undoped, Zn—, Pd- and Os—doped SWCNTs are shown in
Table 1. The relative reactivities of these SWCNTs are in

order: Zn-doped > Os-doped > Pd-doped > undoped
SWCNTs.

Adsorption of gases on the undoped and metal-doped
armchair (5,5) SWCNTs

The B3LYP/LanL2DZ-optimized structures of adsorption
of gaseous NO>, NH3, H20, CO:z and H; on the undoped,
Zn—, Pd- and Os—doped armchair (5,5) SWCNTs are
shown in Figs. 2, 3, 4 and 5, respectively. The Epumo,
Eyonme and AFy  for adsorption complexes of the
undoped, Zn-, Pd- and Os-doped SWCNTs, listed in
Table 1 show that the relative reactivities of these
complexes are in orders: NOo/SWCNT > H,O/SWCNT =
COL/SWCONT = Ho/SWCNT = NH3/SWCNT, NO,/Zn-
SWCNT > Ho/Zn-SWCNT > CO,/Zn-SWCNT > NH,y/
In-SWONT = H,0/Zn-SWCNT, COy/Pd-SWCNT = Hyf
Pd-SWCNT = NH3y/Pd-SWCNT = H:0/Pd-SWCNT =
NO5/PAd-SWCNT and Hy/Os—SWONT = NO-/Os—SWCNT

Table 2 The selected geometn-

cal parameters for the undoped, Ad.sthrrbum_fadmrp[inn r fr

Zn—, Pd- and Os—doped configuration

SWONTSs and their adsorption C l;l (-2:d (-3; M'—X (-_1_&_[\::_ (-‘Zﬂ_ (-_3_cr:'||_

complexes with studied gases, M M= M c2= 3 1

computed at the BALYP/

LanL2DZ level SWONT 1.442 1.418 1.441 118.6 118.6 120.3
NOL/SWCNT 1.442 1.422 1.441 3.023 (C-N) 118.5 118.5 120.3
NH;/SWUCNT 1.441 1.417 1.441 3818 (C-N) 118.6 118.6 120.2
HaOSWCNT 1444  1.419 1.442 3428 (C-0) 118.5 118.5 120.2
COFSWONT 1.441 1.417 1.441 3.269 (C-0) 118.6 118.6 120.2
H./SWCNT 1.441 1.418 1441  3.142 (C-H) 118.7 118.7 120.2
Zn-SWUNT 2087 2012 2022 827 100.9 B5.8
NO,/Zn-SWCNT 2226 2060 21138 2.031 (Zn-N) 820 B4 753
NH;/Zn-S8WUNT 2151 2040 2057 2041 (Zn-N) 789 962 B8
H.O/Zn-SWCNT 2148 2036 2048 2.090 (Zn-0) 78.5 96.8 526
COZn-SWONT 2102 2018 2029 2213 (Zn-0) 8.0 99.5 B5.5
HAaZn-SWCNT 2075 2.009 2018 2595 (Zn-HI), 89.7 101.3 87.4

2.602 (Zn-H2)

Pd-SWCNT 1956  2.036 1.956 85.7 857 918
NO,/PA-SWONT 1987 2013 1982 2176 (Pd-N) B5.8 B5.5 BO.0
NH;/PAd-SWOCNT 1976  2.042 1976 2307 (Pd-N) B5.1 851 BR.0

" A H.O/PAd-SWONT 1967 2042 1967 2277 (Pd-O) 85.4 854 BU.6

*In degree CO2PAd-SWCNT 1962 2043 1,962 2.500 (Pd—0) B5.2 852 91.7

“C1, C2 and C3 are atoms on the H./Pd-SWCNT 1961 2.053 1961  2.404 (Pd-H1), 54.9 849 920

SWCNT which are defined in 2.448 (Pd-H2)

Fig. 1 Os-SWCNT 1.911 1.944 1.911 .6 90.6 97.6

4M is atom of Zn, Pd or Os metal I 2Tl I

S e ' NOL/Os-SWONT 1907  1.993 1.899 2083 (Os-N) B7.9 B7H 94.21

which is doped on SWCNT, see . I i

Fig. 1 NH;/0s-SWONT 1906  1.983 1.906 2222 (0Os-N) BE.2 BE2 96.5

M’ is stom of Zn, Pd or Os metal HaOVOs-SWUNT 1905  1.972 2000 2232 (0s-0) BE.2 BE2 96.8

which is doped on SWCNT or C COH0s—SWONT 1.911 1.957 1911 2.335 (Os-0) 89.3 803 971

atom which is labeled in Fig. 1 H./Os- SWCNT 1915 1963 1915 2113 (Os-HI1), 89.7 89.7 97.3

and X is atom of adsorbed gas, see
Fig. 1

2.163 (Os-H2)
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> C0./0s-SWCNT = NH3/Os-SWCNT = H,0/0s-
SWCNT for the systems of undoped, Zn—, Pd- and Os-
doped SWCNTs, respectively. Table 1 also shows that
reactivities of all adsorbents are increased during adsorption
except adsorption of NO; on the undoped SWCNT and Zn-
doped SWCNT and adsorption of H, on Zn-doped
SWCNT.

The selected geometrical parameters for on the
undoped, Zn-, Pd- and Os—doped SWCNTs and their
adsorption complexes with the studied gases are listed in
Table 2. It was found that the adsorption of gas on the
carbon center (C, see Fig. 1) of undoped SWCNT has
hardly ever affected the bond lengths C1-C, C3-C (see
Fig. | and Table 53). For the bond distances between the
closest atom of gases and metal center of metal-doped
SWCNTs are in increasing orders: Zn-N(NO,) > Zn-O
(H20) = Zn-N(NH;) > Zn-O(CO;) > Zn-H{H,), Pd-N
(NOz) > Pd-O(H20) = Pd-N(NH3) > Pd-H(Hz) > Pd-O
(CO2) and Os-N(NO2) > Os-H(H2) > Os-N(NH3) = Os-0O
(H.0) = Os-0 (COz) for Zn-, Pd- and Os-doped
SWCNTSs, respectively.

The adsorption energy (AFE,4) of gas adsorbed on the
undoped, Zn-, Pd- and Os—doped SWCNTs and partial
charge transfer (PCT) [42] during adsorption are shown in
Table 3. It was found that PCT for all adsorbed gases on
the undoped, Zn-, Pd- and Os-doped SWCNTs are
positive except the adsorption of NO, on the undoped,
Zn-, Pd- and Os—doped SWCNTs being negative PCT
values which is implied that the direction of PCT found in
NO: adsorption is different to the other gas adsorptions.
The selected NBO charges for adsorption of gases on the
undoped, Zn—, Pd- and Os-doped SWCNTs are shown in
Table 54. The adsorption energies of gases adsorbed on
the undoped, Zn—, Pd- and Os—doped SWCNTs are given
in Table 3 and their plot are shown in Fig. 6. The
adsorptions of all studied gases on the undoped SWCNT
are weak and their abilities are in decreasing order: H,0
(AE,4.=—8.39 k]I mol ™), > NO, (AE,4,=—5.58 kI mol ™)
> NH; (AE,4=—03.19 kI mol™") = CO, (AE,4,=—1.61 kJ
mol ") > Ha (AEaqs=—0.66 kJ mol™"). The adsorption
abilities of gases on the Zn-, Pd- and Os—doped
SWCNTs are remarkably increased as compared with
the undoped SWCNT. The adsorptions of all studied
gases on the Zn-, Pd- and Os-doped SWCNTs are
obviously stronger than on the undoped SWCNT and
their adsorption abilities are in the same order: NO, =
NH; > H,0 > CO; > Hs.

Nevertheless, the adsorption abilities of all the studied
gases on Zn—, Pd- and Os—doped SWCNTSs are in the same
order. The adsorption of the NO; on the Zn—, Pd- and Os—
doped SWCNTs which are the highest strengths are much
higher than of the NHs, the second highest strengths. The
adsorption ability order for the NO: adsorption on the

@ Springer

Table 3 Adsorption energy (AFE,y,) and partial charge transfer (PCT)
of gas adsorbed on the undoped, Zn—, Pd— and Os—doped SWCNTs,
computed at the BALYP/LanL2DZ level

Adsorbent/adsorption configuration AE 4" PCT®
SWONT:

NO2/SWCNT —5.58 —0.035
NH/SWCNT -3.19 0.005
HO/SWONT —8.39 0.002
COLESWONT —1.61 0.002
Ha/SWONT —.66 0.000
In-SWCNT:

NO2/ Zn-SWUNT —194.57 —0.798
NH+/Zn—-SWCNT -123.61 0.074
H: OV Zn-SWONT —105.15 0.048
COu/Zn-SWONT —39.98 0.020
Ha/ Zn-SWONT —5.61 0.016
Pd-SWCNT:

NO2Pd-SWONT —201.97 —0.626
NHy/P&-SWONT —100.97 0.119
HoO/Pd-SWONT —=79.70 0.070
CO./PAd-SWCNT —26.46 0.024
Ho/Pd-SWONT —8.74 0.018
Os-SWONT:

NO2/Os—SWONT —240.99 —0.568
NH4/Os-SWCNT —155.97 0.194
HoO/0s—8SWONT —108.79 0.127
CO 0 5SWCNT —45.63 0.051
Hy/Os-SWCNT —24.86 0.187

*In kJ mol ™

" Defined as a change of adsorbate’s charges during adsorption, in e

metal-doped SWCNTs is Os—doped (AFE4,=—240.99 kJ
mol ') >> Pd-doped (AEu=—20197 kI mol™") > Zn-
doped (AEq,=—194.57 ki nu}]_]} SWCNTs. These data
imply that the Os—doped SWCNT can be circumstantially
used as a sensor for nitrogen dioxide gas detection.

50

—— 0s-SWCNT
——In-SWCNT
—i— Pd-SWCNT

04

=50 4
-100 4
1504

AE (kJ/mol)

-200 4
-250 -

-300 L — . : : :
H, €O, HO NH, NO

Fig. 6 Plot of adsorption energies (AEgy) of the various gases
adsorbed on the Zn—, Pd- and Os—doped (5,5) SWCNTs



I Mol Model (2012) 18:351-358

60

357

The plots of the HOMOs and LUMOs of the adsorption
complexes of all the studied gases with the Zn—, Pd- and
Os—doped SWCNTSs, are shown in Figs. 52, 83 and 54, in the
ESM, respectively. The plots show that all the HOMOs of gas
adsorption complexes with the Pd- and Os—doped SWCNTs
are delocalized over the metal atoms but the HOMOs of gas
adsorption  complexes with the Zn-doped SWCNT are
located over carbon atoms around the Zn atom. This implies
that the Pd and Os atoms enhance gas adsorption abilities of
the Pd- and Os-doped SWCNTSs, respectively.

The density of states (DOSs) determined for the Zn—,
Pd- and Os-doped SWCNTs and their adsorption com-
plexes with gas are shown in Figs. 585, 56 and 57, in the
ESM, respectively. These figures show that DOSs peaks of
the spin up and spin down for the bare adsorbents and their
gas adsorption are all symmetries except for the NO,
adsorbed on the Zn-, Pd- and Os-doped SWCNTs are
asymmetries. Asymmetric peaks ol the spin up and spin
down for the NO; adsorbed on the Pd- and Os-doped
SWCNTs are remarkably different from the Zn-doped
SWCNT. Nevertheless, the DOS plots for the gases
adsorbed on the Zn-, Pd- and Os-doped SWCNTs are
slightly different from their comresponding bare metal-

doped SWCNTs.

Conclusions

The optimized structures of the undoped armchair (5,5)
SWCN, Zn-, Pd- and Os—doped armchair (5,5) SWCNTs
and their adsorption of NO>, NH3, H,0, CO; and Hs were
obtained using the B3LYP/LanL2DZ calculations. The
closest C—C bonds of the undoped and metal-doped
SWCNTs at adsorption area are in order: Zn—doped = Pd-
doped = Os—doped => undoped SWCNTs. The bond
lengths between doped metal and carbon atom, M-C are
in order: Zn-C = Pd-C > Os-C. The computed IR spectra
of the B3LYP/LanL2DZ-optimized structures of the
undoped, Zn—, Pd- and Os—doped SWCNTs were analyzed.
The relative reactivities of these adsorbents are in order:
Zn—doped > Os—doped = Pd-doped > undoped SWCNTs.
The relative reactivities of these complexes are in orders:
NOo/SWCONT > HyOBWCONT = CO./SWCNT = H.f
SWCNT > NH;/SWCNT, NOy/Zn-SWCNT > H./Zn-
SWCNT = CO5/Zn-SWCNT > NH3/Zn-SWCNT = H,0/
Zn-SWCNT, CO5/Pd-SWCNT = Ho/Pd-SWCNT = NH/
Pd-SWCNT > Hy0/Pd-SWCNT = NOo/Pd-SWCNT and
H./0s-SWCNT = NO5/Os—SWCNT = COo/0s-SWCNT =
NH;/0s-SWCNT = H,O/0s-SWCNT for the systems of
undoped, Zn—, Pd- and Os—doped SWCNTSs, respectively.
The adsorption abilities of all the studied gases on the
undoped, Zn—, Pd- and Os—doped SWCNTs are in orders:
Hgo > CO} = NO} = NH'; = Hg, NO} == NH; = Hgo >

o)
=
I-\JI
7
o

>> NH; > H,

i == (0, > H; and
NQ, == NH'; == H: == CO: ==

2, Tespectively.
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Abstract The adsorptions of hydrogen molecule of the Fe—
doped pristine and Stone—Wales defected armchair (5,5)
single—walled carbon nanotubes (SWCNTs) compared with
the pristine SWCNT were investigated by using the density
functional theory at the B3LYP/LanL2DZ level. The doping
of Fe atom into SWCNTs occurring via an exothermic
process was found. The adsorptions of hydrogen molecule
on the Fe—doped structures of either perfect or SW defected
SWOCNTs are stronger than on their corresponding undoped
structures. The structural and electronic properties of the
pristine and SW defected SWCNTs, their Fe—doped struc-
tures and their hydrogen molecule adsorptions are reported.

Keywords Adsorption - Carbon nanotube - DFT -
Fe—doped - Stone —Wales defect

Introduction

Since the discovery ol multi wall carbon nanotubes
(MWCNTs) in 1991 [1] and single wall carbon nanotubes
(SWCNTs) in 1993 [2], they have attracted the attention of
the researchers due to their extraordinary structural, mechan-
ical and electrical properties and a variety of potential appli-

cations including the hydrogen storage [3].

C. Tabtimsai - 5. Keawwangchai - N. Nunthaboot - B, Wanno ()
Supramolecular Chemistry Research Unit, Depariment of
Chemistry, Faculty of Science, Mahasarakham University,
Mahasarakham 44150, Thailand

e-mail: banchobw(@gmail.com

V. Rumgpomvisuti

The Postgraduate Education and Research in Chemistry (PERCH)
Program and Department of Chemistry, Faculty of Science,
Chulalongkorn University,

Bangkok 10330, Thatland

Hydrogen is the cleanest energy source and in the future
the hydrogen energy system is expected to progressively
replace the existing fossil fuels. The suitable material used
for hydrogen storage should be high storage capacity, re-
lease of hydrogen at room temperature and moderate pres-
sure. One of the possible methods of hydrogen storage is the
adsorption of hydrogen on materials with a large specific
surface area such as carbon nanotubes (CNTs). Since the
first experimental reported by Dillon and co—workers, hy-
drogen is storaged in CNTs [4]. The hydrogen adsorptions
on the surfaces of SWCNTs have attracted considerable
experimental and theoretical interest [5-11]. In order to
enhance hydrogen storage capacity, the transition metal—
doped SWCNTs and defected structures are adopted and
much progress is made. Many of the research works
reported that the foreign atoms [12] can be doping on the
side wall of SWCNTs [13-15] including to Fe atom [16,
17]. The physisorption of hydrogen on SWCNT is found at
low temperature [7]. The physisorption energies per hydro-
gen molecule decrease when the surface of SWCNTSs is fully
covered [8]. Hydrogen adsorption is found to be dependent
on the micropore volume as well as the pore—size, larger
micropore volumes showing higher hydrogen adsorption
capacity [10]. The hydrogen adsorption on Pd—doped
SWCNTs has been investigated and reported [11]. The
binding energy of hydrogen storage capacity can be further
enhanced by using the Pd—doped SWCNTs. Hydrogen ad-
sorption on Eu—doped SWCNTs has also been calculated.
The results indicate that five Hy per Eu atom can be
adsorbed in the Eu—doped SWCNT systems [18]. The the-
oretical study of the sidewall reactivity based on SWCNT in
reacting with C,Hg, O, and O; species illustrates that the
central C—C bond of carbon ad—dimer defects in SWCNT
is chemically more reactive than that of perfect sites (PS)
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processes which are in good agreement with the previous works
[12, 13, 15,18, 31, 32], except for Fe—SW2 —SWCNT species
the adsorption occurs via an endothermic process indicating
that the hydrogen molecule can not absorb on Fe—SW2—
SWCNT. The adsorption energies and partial change transfers
are tabulated in Table 3. The adsorption energies of hydrogen
molecule on Fe—SWCNTs are higher than their corresponding
undoped SWCNT clearly indicating that the doping of Fe atom
improved the adsorption abilities of hydrogen on SWCNTs.
The adsorption strengths are in the ranking of Hx/Fe—PS—
SWONT (AE,q,=—549 keal mol™")>H,/Fe—SW2—-SWCNT
(AE4=—3.88 keal mol ™) = Hy/Fe—SWI1-SWCNT (AE =
—3.25 kecal mol ") >H,/SWI-SWCNT (AE,.4,=
—0.17 keal mol™') = H,/PS—SWCNT (AE,.4,=
—0.15 keal mol™) indicating that the Fe—PS—SWCNT species
showed the highest suitable for hydrogen adsorptions. More-
over, the Fe—SW2—-8SWCNT 15 more reactive than Fe—SW1—
SWCNT. For the undoped SWCNT system, the SW1—
SWCNT is more reactive to hydrogen atoms than PS—and
SW2—-SWCNTSs, respectively. It is shown that the sidewall
reactivity of Fe—doped SWCNT toward the addition reaction
increases with the increasing of pyramidalization angles, an
indicator of deviation from sp” to sp” hybridization. The inter-
action between hydrogen and Fe—doped SWCNT is balanced
by the electronic hybridization [18]. Thus, increasing of bond
length (C—Fe) and pyramidalization angle at the doping site of
the Fe—doped SWCNTSs is expected to be more—reactive to
hydrogen than the undoped SWCNTs, comresponding to the
previous reports, in which Pd—[15] and Eu—doped [158]
SWCNTs increase the hydrogen adsorption abilities of
SWCNTs. The previous works, the adsorption energy of hy-
drogen molecule on Pd—doped SWCNT of —6.73 keal mol™
[15] and on Eu—doped SWCNT of values within the range of
—6.00 to —11.30 keal mol™ [18] were found.

Electronic properties and partial charge transfer

The energies of the highest occupied molecular orbital (HOMO)
Eyomo, the lowest unoccupied molecular orbital (LUMO)
El unos the Fontier molecular orbital energy gaps (AEy ),
global hardness (7)), chemical potential (;1) and electrophilicity
(w) for the undoped and Fe—doped SWCNTs and ther hydro-
gen adsorptions are tabulated in Table 4. Table 4 shows that the
relative reactivity of hydrogen adsorbed on Fe—doped SWCNTs
15 in the order; Ha/Fe—SWI—-SWCNT>=H:/Fe—-SW2—
SWCNT=>H,/Fe—PS—SWCNT, whereas the relative reactivity
of hydrogen adsorbed on undoped SWCNT 18 in the order: Hy/
PS—SWCNT=H./SW1-SWCNT=H./SW2—-SWCNT. The
AEy p of Fe—doped SWCNTs are lower than their
corresponding undoped SWCNTS, indicating that the SWCNT
clearly changes nearly to a conductor due to the doping of Fe
atom. The energy gap of the hydrogen molecule adsorbed on PS
—SWOCNT, Fe—P5—SWCNT and Fe—SW2-SWCNT are larg-
er than without hydrogen adsorption which is responsible for the
weakened conductance. Plots of HOMOs and LUMOs of the Fe
—doped PS—, SWI1— and SW2—-5SWCNTs and their hydrogen
adsorptions are displayed in Figs. 5 and 6, respectively. The
plots show that the HOMOs of Fe—PS—SWCNT and their
hydrogen adsorption are delocalized around the tube. Interest-
ingly, the LUMOs of Fe—PS—SWCNT and their hydrogen
adsorption are located over doping or adsorption sites. The
electronic chemical potential is a measure of the tendency of
electrons to escape a system and can be related to the energies of
the HOMOs and LUMOs via Koopman's theorem [33], where [
is the ionization potential and A is the electron affinity [34-36].
Due to the average local ionization energy (7) was introduced as
a means for identifying reactive sites on surface including
carbon nanotubes,  has been connected to electronegativity,
local polarizability and hardness. These characteristics are

Table 4 Chemical mdices of the

pristine and SW defected Species Epumo’ Enomo® AEp AAE ™ U w w

SWONTS, their Fe—doped

structures and ther hydrogen Species of PS—SWCNT:

adsorptions, computed at the PS—SWCNT 2748 4762 2014 = 1007 3755  7.099

BILYMLanL2DZ level Fe—PS—SWOCNT 3076 4872 1.605 = 0802 3879 6036
Ha/PS—SWONT 2667  —4.871 2204 —0.19 1102 3769 7.827
Ha/Fe—PS—SWONT 2884  —4.653 1.769 —0.16 0884 3769 6281

n eV Species of SWI1-SWCNT:

*Defined as AEy_((Haf  SWI-SWCNT 2939 —5.143 2204 = 1102 4041 8998

SWCNT) — AEy  (SWCNT) Fe—SWI1-SWCNT -2.939 -4.953 2014 - 1.007 3.946 7838

and AEy Lﬂﬂlﬂ:?__ SW(."'\-T) - Ha/SWI1-SWCNT —-2.939 —5.143 2.204 0.00 1102 4.041 8.998

AEy-L(Fe—SWONT) for sys- i

tems of SWONT and Fe—doped ~ HaFe~SWI-SWONT  -2884  —4.898 2014 0.00 1007 3891 7.623

SWONTSs, respectively Species of SW2-SWCNT:

“p = Global hardness=(/—AY2;  SW2-SWCNT 2830 —4.898 2.068 = 1034 3864 7720

I==Enomo #0d A=—Eyymo.  Fe—SW2-SWONT 3075 —4735 1.660 = 0830 3905 6328

fsmf'w‘uf ) Ha/SW2-SWCNT ~2830 4898 2068  0.00 1034 3864 7720

p = Chemical potential=(I*A¥2 1y po_owo SWONT — -2.884  —4.708 1.823 —0.16 0912 3796 6568

%y = Electrophilicity = p%27
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the hydrogen atoms are positive. The PCTs of hydrogen mol-
ecule to SWCNT in these six structures are very small, suggest-
ing that the interaction between the hydrogen molecule and
SWCNT 15 intrinsically electrostatic. The PCTs from hydrogen
molecule to Fe—doped SWCNTSs are clearly larger than that of
the undoped SWCNTs, which again proves that the doping of
the Fe atom largely influences the electronic transport proper-
ties of the undoped SWCNTs. For doping species, when the
PCT increases, the adsorption energy is also increased indicat-
ing that the large charge transfers result in the high adsorption
energy. The results of PCT of CO adsorbed Al—doped SWCNT
agrees well with this work which reported that the charge—
transfer from a CO molecule to Al—doped SWCNT is clearly
larger than that of the undoped SWCNT [39].

Conclusions

The interactions of hydrogen molecule with perfect sited
SWONT (PS—SWCNT), Stone—Wales defected 7-5-5-7
SWCNT (SW1—-SWCNT), Stone—Wales defected 5-7-7
—5 SWCNT (SW2-SWCNT) [21] and their Fe doping were
investigated by using the density functional theory at the
B3LYP/LanL2DZ level. The doping of Fe atom in SWCNTs
ocecurs via exothermic process. The hydrogen molecule
adsorptions of the Fe—doped SWCNTs are stronger than
on the undoped SWCNTs. The structural and electronic
properties of the undoped and Fe—doped SWCNTs and their
adsorptions of hydrogen molecule are reported. The present
results will provide useful guidance to develop novel

SWCNT—based on hydrogen storage.

Acknowledgments The authors gratefully acknowledge the Research
Affars, Mahasarakham University, and the Postgraduate Education and
Research i Chemistry (PERCH) program, Thailand, for financial sup-
port of this research and the facility provided by Supramolecular Chem-
1stry Research Unit and Department of Chanistry, Faculty of Science,
Mahasarakham University. The Thailand Research Fund for financial
support (Grant No. MRGS180141) to BW is also acknowledged.

References

1. Tijima S (1991) Mature 354:56-58
2. lijima 8, Ichihashi T (1993) Nature 363:603-605

13.
. Yang YX, Singh RK, Webley PA (2008) Adsorption 14:265-274
15.
16.

=

22,
23
24,
25,
26.
27.

28,

29,

30.

3l.
32
. Koopmans T (1933) Physica 1:104-113

. Pearson RG (1963} ] Am Chem Soc 85:3533-3543
35.
36,
37.

38,
39.

. Darkrim FL, Malbrunota P, Tartaglia GP (2002) Int ] Hydrog

Energy 27:193-202

. Dillon AC, Jones KM, Bekkedahl TA, Kiang CH, Bethune DS,

Heben MI (1997) Nature 386:377-379

. Zhou LG, Shia 50 (2003) Carbon 41:579-625
. Zhuang HL, Zheng GP, Soh AK (2008) Comput Mater Sc1

43:823-K28

. Wang (5, Huang Y (2008) J Phys Chem C 112:9128-9132
. Yang SH, Shin WH, Lee JW, Kim 8Y, Woo 81, Kang JK (2006) 1

Phys Chem B 110{28): 1394113946

. Khare BN, Meyyappan M, Cassell AM, Nguyen CV, Han 1 (2002)

Nano Lett 2:73-77

. Zhang G, (1 P, Wang X, Lu Y, Mann D, Li X, Dai H (2006) ] Am

Chem Soc 128:6026-6027

. Sudan P, Ziittel A, Mauron P, Emmenegger C, Wenger P, Schlapbach

L (2003) Carbon 41:2377-2383

. Cabna [, Lopez MI, Alonso JA (2006) Comput Mater Sci 35:238—

242
Han 88, Lee HM (2004) Carbon 42:2169-2177

Xiao H, Li SH, Cao JX (2009) Chem Phys Lett 483:111-114
Liu B, Weia L, Dinga (), Yao J (2005) J Cryst Growth 277:293—
297

. Zhao X, Kadoya T, Ikeda T, Suzuki T, Inoue 5 (2007) Diamond

Relat Mater 16:1101-1105

. Zhang ZW, L1 JC, Jiang Q (2010} J Phys Chem C 11477337737
. Homer DA, Redfem PC, Sternberg M, Zapol P, Curtiss LA (2007)

Chem Phys Lett 450:71-75

. Betunger HF (2005) 1 Phys Chem B 109:6922-6924
. Dinadayalane TC, Murray J8, Concha MC, Politzer P, Leszczynski

J(2010) J Chem Theor Comput 6:1351-1357

Becke AD (1993) 1 Chem Phys 98:5648-5652

Lee C, Yang W, Parr RG (1988) Phys Rev B 37:785-780

Hay PJ, Wadt WR (1985) 1 Chem Phys 82:270-283

Wadt WR, Hay PJ (1985) J Chem Phys 82:284-298

Hay PJ, Wadt WR (1985) 1 Chem Phys 82:299-310

Frisch MJ et al. (2008) Gaussian03, Revision E.01. Gaussian Ine,
Pittsburgh

('Boyle NM, Tenderholt AL, Langner KM (2008) J Comput
Chem 9(5):839-845

Marichev VA (2009) Colloids Surf A Physicochem Eng Asp
348:28-34

Meng FY, Zhou LG, Shi 54, Yang R (2003) Carbon 41:2023—
2025

Yildinm T, Ciraci S (2005) Phys Rev Lett 94:175501-175504
Gayathri V, Geetha R (2007) Adsorption 13:53-59

Parr RG, Pearson RG (1983) J Am Chem Soc 105:7512-7516
Pearson RG(2005) J Chem Sci 117:369-377

Politzer P, Murray JS, Bulat FA (2010) J Mol Model 16:1731-
1742

Mulliken RS (1934) J Chem Phys 2:782-793

Wang R, Zhang D, Sun W, Han Z, Lin C (2007) J Mol Struc
THEQCHEM 806:93-97

@ Spr[ngﬂ:r



