CHAPTER 4

RESULTS AND DISCUSSION
4.1 Binding of single platinum atom on SWCNTs

The closed-end caps for (3,3), (4,4) and (55) armchair SWCNTs can be
representative of closed-end caps for various lengths of closed-end SWCNTs, as no
effect of SWCNTs length has been assumed. C-C bonds for these optimized
structures were labeled as binding positions of Pt clusters for geometrical
construction of Pt-decorated SWCNTs. The B3LYP/GEN-optimized geometries of Pt-
decorated on closed-end (3,3), (4,4) and (5,5) armchair SWCNT of which C-C bonds
are defined as shown in Figure 3.1. All structures of a single platinum atom adsorbed
on (3,3), (4,4) and (55SWCNTs are shown in Figures 4.1, 4.2 and 4.3., respectively.

Their binding energies and relative energies are shown in Table 4.1.
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Figure 4.1 The B3LYP/GEN-optimized structures of Pt-decorated on closed-end (3,3)
armchair SWCNT of which C-C bonds are defined as types (a) 1, (b) 2, (c) 3, (d) 4, (e)
5 (6 (@ 7and (h) 8
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Figure 4.2 The B3LYP/GEN-optimized structures of Pt-decorated on closed-end (4,4)
armchair SWCNT of which C-C bonds are defined as types (a) 1, (b) 2, (c) 3, (d) 4, (e)

5, @ and (g) 7.
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Figure 4.3 The B3LYP/GEN-optimized structures of Pt-decorated on closed-end (5,5)
armchair SWCNT of which C-C bonds are defined as types (@) 1, (b) 2, (c) 3, (d) 4, (e)
5 (f) 6 and (g) 7.
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Table 4. 1 Binding energies of platinum atom adsorbed on sidewall of various sizes

of closed-end SWCNTs and relative energies of their binding structures.

Single Pt atom on SWCNTs

Single Pt adatom on (3,3)SWCNTs

Pt(1)/(3,3)swc NT
Pt(2)/(3,3)SWCNT
Pt(3)/(3,3)SWCNT
Pt(4)/(3,3)SWCNT
Pt(5)/(3,3)SWCNT
Pt(6)/(3,3)SWCNT
Pt(7)/(3,3)SWCNT
Pt(8)/(3,3)SWCNT

Single Pt adatom on (4,4/SWCA/Ts

Pt(1)/(4,4)SWCNT
Pt(2)/(4,4)SWCNT
Pt(3)/(4,4)SWCNT
Pt(4)/(4,4)SWCNT
Pt(5)/(4,4)SWCNT
Pt(6)/(4,4)SWCNT
Pt(7)/(4,4)SWCNT

Single Pt adatom on (5,5)SWCNTs

Pt(1)/(5,5)SWCNT
Pt(2)/(5,5)SWCNT
Pt(3)/(5,5)SWCNT
Pt(4)/(5,5)SWCNT
Pt(5)/(5,5)SWCNT
Pt(6)/(5,5)SWCNT
Pt(7)/(5,5)SWCNT

kcal/mol.

AE

-52.38
-31.00
-33.78
-35.71
-43.78
-26.09
-26.69
-23.11

-22.00
-24.70
-28.93
-14.83
-32.14
-15.61

-7.56

-6.92
-18.05
-8.34
-19.65
-3.64
-6.66
-4.67

binding

Afra

0.00
21.37

18.60
16.66

8.59
26.28
25.68
29.27

10.14
7.44
321

17.31
0.00

16.53

24.58

12.73

1.60
11.30

0.00
16.06
12.99
14.98

As they are all conformers of Pt/(3,3)SWCNT type, the most stable conformer

is Pt()/(3,3)SWCNT and the second most is Pt(5)/(3,3)5WCNT of which binding

energies are -52.38 and -43.78 kcal/mol, respectively. The most and second most
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stable conformers for a single platinum atom adsorbed on the (4,4SWCNT are
Pt(5)/(4,4)SWCNT and Pt(3)/(4,4)SWCNT of which binding energies are -32.14 and -
28.93 kcal/mol, respectively. For the most and second most stable conformers for
a single platinum atom adsorbed on the (55SWCNT are Pt(4)/(55)SWCNT and
Pt(2)/(5,5)SWCNT of which binding energies are -19.65 and -18.05 kcal/mol,
respectively. The binding abilities of single platinum atom to SWCNTs based on the
most favorable configurations are in order: (3,3)SWCNT > (4,4)SWCNT > (5,5 SWCNT.
As diameters id , in nm) for (3,3), (4,4) and (55SWCNTs computed using formula,

ci=0.078( 2+ 2+nmy [38], relation between their diameters against their binding

energies is shown in Figure 4.4. The equation of a polynomial fit,

Minding= -159.6 + 350.60fif-212</2 was obtained.
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Figure 4.4 Plot between binding energies of single platinum atom on (3,3), (4,4) and
(5,5) armchair SWCNTs against their diameters id). Polynomial fitted equation is

shown on top.
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The preferred structures of a single platinum atom adsorbed on (3,3), (4,4)
and (5,5 SWCNTs are quite similar conformations of which a single platinum atom is

likely adsorbed on C-C bond at closed-end cap area.

Energy gaps, chemical indices and dipole moment of clean SWCNTs and their
structures decorated by single atom and clusters of platinum are shown in Table Al,
in Appendix. Dipole moments of all clean SWCNTs are found to be zero and the
Pt4(5,5) SWCNT has the highest dipole moment (4.50 Debye). It shows that energy
gaps of adsorption configurations of platinum single atom on SWCNTs are slightly
different as compared with clean SWCNTs of their corresponding except clean
(3,3)SWCNT. This probably means that platinum atom and clusters on the (4,4) and
(5,5)SWCNTs slightly affect reactivities of the (4,4) and (5,5)SWCNTSs.

4.2 Hydrogen adsorption on single platinum atom decorated SWCNTs

Adsorption energies of 2to Pt atom decorated on closed-end (3,3), (4,4) and
(5,5 SWCNTs are shown in Table 4.2. It shows that the strongest adsorptions for
hydrogen gas adsorbed on single platinum atom of Pt/SWCNTs occur on the
Pt(4)/(3,3)SWCNT .  (Afab=-33.26 kcal/mol), Pt(2)/(4,4)SWCNT (A£ab=-33.47
kcal/mol) and Pt(5)/(5,5) SWCNT (A£abk=-23.53 kcal/mol). All adsorption structures of
hydrogen molecule adsorbed on single platinum atom of Pt(3,3), Pt/(4,4) and
Pt/(5,5) SWCNTs are shown in Figure 4.5, 4.6 and 4.7, respectively. All the hydrogen

adsorptions on single platinum atom of Pt-decorated SWCNTs are chemisorption.
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Table 4.2 Adsorption energies of 2to Pt atom(s) decorated on closed-end SWCNTs

Hydrogen adsorption

On Pt atom/(3,3)SWCNTSs:

H2Pt(1)/(3,3)SWCNT
H2Pt(2)/(3,3)SWCNT
H2Pt(3)/(3,3)SWCNT
H2Pt(4)/(3,3)SWCNT
H2Pt(5)/(3,3)SWCNT
H2Pt(6)/(3,3)SWCNT
H2Pt(7)/(3,3)SWCNT
H2Pt(8)/(3,3)SWCNT

On Pt atom/(4,4)SWCNTSs:

H2Pt( 1)/(4,4)SWCNT
H2Pt(2)/(4,4)SWCNT
H2Pt(3)/(4,4)SWCNT
H2Pt(4)/(4,4)SWCNT
H2Pt(5)/(4,4)SWCNT
H2Pt(6)/(4,4)SWCNT
H2Pt(7)/(4,4)SWCNT

On Pt atom/(5,5)SWCNTs:

H2Pt(1)/(5,5)SWCNT
H2Pt(2)/(5,5)SWCNT
H2Pt(3)/(5,5)SWCNT
H2Pt(4)/(5,5)SWCNT
H2Pt(5)/(5,5)SWCNT
H2Pt(6)/(5,5)SWCNT
H2Pt(7)/(5,5)SWCNT

kcal/mol.

-18.63
-24.54
-23.31
-33.26
-28.37

-8.14
-25.82
-25.89

-13.85
-33.47
-22.49
-25.33
-32.01
-16.20
-28.77

-22.41
-20.10
-22.45
-20.23
-23.583
-20.77
-21.80
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Figure 4.5 The B3LYP/GEN-optimized structures of adsorption configurations of H2on
Pt atom in the Pt-decorated closed-end (3,3) armchair SWCNTs on C-C types (a) 1,
() 2, (c) 3,(d) 4, (€) 5, (06, (g 7and (h) 8 Their bond distances are in A
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Figure 4.6 The B3LYP/GEN-optimized structures of adsorption configurations of 2 on
Pt atom in the Pt-decorated closed-end (4,4) armchair SWCNTs on C-C types (a) 1,
(b) 2, (c) 3, (d) 4, (€) 5, () 6 and (g) 7. Their bond distances are in A
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Figure 4.7 The B3LYP/GEN-optimized structures of adsorption configurations of H2on
Pt atom in the Pt-decorated closed-end (5,5) armchair SWCNTs on C-C types (a) 1,
(b) 2, (¢) 3, (d) 4, (e) 5, (f) 6 and (g) 7. Their bond distances are in A

4.3 Binding of platinum cluster ( =2 to 4) on SWCNTs

The most stable structures of platinum clusters decorated on C-C bonds at
closed-end cap were obtained and the configurations are shown in Figures 4.8, 4.9

and 4.10 for Ptn/(3,3), Ptr/(4,4) and Pty(5,5) SWCNTSs, respectively.

Binding energies for platinum clusters (Ptn, =2 to 4) adsorbed on sidewall of
various sizes of closed-end SWCNTs are shown in Table 4.3. The binding abilities on
(3.3) , (4,4) and (55SWCNTs are in same order: Pt4> Pt3> Pt2 The binding abilities of
platinum clusters on the (3,3)SWCNT are slightly different but on the (5,5 SWCNT are
much different. For the same size of platinum clusters, binding abilities are in order:
(3.3) SWCNT > (4,4)SWCNT > (5,5 SWCNT. Nevertheless, binding abilities of Pt4on (3,3),
(4.4) and (5,5 SWCNTs are high.
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Figure 4.8 The B3LYP/GEN-optimized structures of adsorption configurations of H2
adsorbed on Pt atom of the Pt cluster-decorated (3,3)SWCNTs whose Pt cluster are
(@ Pt2 (b) Pt3 and (c) Pte Top images are their bare Ptf/[SWCNTs structures. Their

bond distances are in A
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Figure 4.9 The B3LYP/GEN-optimized structures of adsorption configurations of 2
adsorbed on Pt atom of the Pt cluster-decorated (4,4)SWCNTs whose Pt cluster are
(@ Pt2, (b) Pt3and (c) Pt4d Top images are their bare Ptp/SWCNTs structures. Their

bond distances are in A
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Figure 4.10 The B3LYP/GEN-optimized structures of adsorption configurations of 2

adsorbed on Pt atom of the Pt cluster-decorated (5,5)SWCNTs whose Pt cluster are
(@ Pt2 (b) Pt3and (c) Pt4 Top images are their bare Ptf/SWCNTs structures. Their

bond distances are in A
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Table 4. 3 Binding energies of platinum dusters adsorbed on sidewall of various

sizes of closed-end SWCNTSs.

Pt clusters on SWCNTs M

On (3,3)SWCNT:

Pt2(3,3)SWCNT -63.90
Pt3/(3,3)SWCNT -67.68
PV(3,3)SWCNTr -68.10
On (4,4)SWCNT:

Pt2(4,4)SWCNT -48.15
Ptj/(4,4)SWCNT -52.22
Pt4(4,4)SWCNT® -60.55
On (5,5)SWCNT:

Pt2 ( ,5)SWCNT -31.04
PV(5,5)SWCNT -41.52
Pta/(5,5)SWCNT" -51.75

kcal/mol.

bTetrahedral structure.

4.4 Hydrogen adsorption on platinum cluster decorated SWCNTs

Hydrogen adsorption configurations on platinum cluster decorated SWCNTs
are shown in Figures 4.8, 49 and 4.10 for Ptr(3,3), Ptr/(4,4) and Ptri(5,5)SWCNTSs,
respectively. It was found that adsorptions of hydrogen molecule on the Pt2 of
PtZSWCNT and Pt3 of Pt*"SWCNT for all SWCNTs sizes are chemisorption but
adsorptions of hydrogen molecule on Pt4 (tetrahedral) of PVSWCNT for all SWCNTs
sizes are dissociative chemisorption as shown in Table 4.4. The Pt4 clusters of the
most stable structures for Ptqg/(3,3), PV(4,4) and Pto/(5,5)SWCNTs are tetrahedral or
distort tetrahedral structures and their hydrogen adsorption abilities correspond to
the hydrogen adsorption on platinum atom of free platinum cluster Pt4 (tetrahedral)
(AE'35= -26.03 kcal/mol) as shown in Figures Al, A2 and Table A2, in Appendix.

Table A2 shows that hydrogen adsorption on the Pt4 tetrahedral cluster is more
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stable than on the Ptq square planar cluster (A£ It -20.54) by 5.49 kcal/mol. The
dissociative chemisorption for hydrogen adsorption on Ptg/SWCNTs were found and
their abilities are in order: Ptg/(3,3)SWCNT (A£'315= -40.14 kcal/mol) > Ptqg/(5,5)SWCNT
(Afé’dﬁ= -30.44 kcal/mol) > Ptq/(4,4)SWCNT (A£85= -21.29 kcal/mol). The hydrogen
adsorption on the Pt4/(3,3)SWCNT is much stronger than on the Pt2 (3,3)SWCNT and
Ptj/(3,3)SWCNT of which adsorption energies are -18.91 and -18.82 kcal/maol,
respectively. But adsorption of hydrogen on the platinum cluster-decorated
(4.4) SWCNT, the adsorption on the Pt3/(4,4)SWCNT is the strongest and stronger than
on the Pt2(4,4)SWCNT and Pto/(4,4SWCNT. This may cause by size and shape effects
of Pt clusters and (4,4)SWCNT. The hydrogen adsorption on the Pt4(55)SWCNT is a
little stronger than on the Pt2(5,5)SWCNT and Pt3/(5,5SWCNT of which adsorption

energies are -24.14 and -24.05 kcal/mol, respectively.

Selected geometrical parameters for free Pta tetrahedral cluster and Pt4
decorated on caps of (3,3), (4,4) and (5,5 SWCNTs are shown in Table A3. It shows
that Ptq clusters on Ptg/(3,3), Ptg/(4,4) and Pt4/(5,5) SWCNTs are distort tetrahedral
structures of which Pt-Pt bonds of trigonal base are much longer than Pt-Pt bonds
of free Ptqtetrahedral cluster. The B3LYP/Lanl_2DZ-optimized structures of free tetra
platinum cluster (Ptg) and Ptq decorated on caps of (3,3), (4,4) and (5,5SWCNTs are

shown in Figure A3.

Due to trigonal base of Pt4 tetrahedral cluster interacting with three carbon
atoms of (3,3), (4,4) and (55SWCNTs caps over their hexagonal faces, hydrogen
adsorptions on the Ptqtetrahedral cluster of Ptq decorated on caps of (3,3), (4,4) and
(5.5) SWCNTs were therefore observed and compared to free tetra platinum cluster.
Numbering for platinum atoms on free Ptq and Ptg-decorated SWCNTs are labeled for
using in comparison of their selected geometries. The adsorption energy diagram of
hydrogen molecule on platinum atom of Ptn decorated (3,3), (4,4) and (5,5SWCNTs
plotted against numbers () of platinum atom(s) of Ptn clusters on SWCNTs are

shown in Figure A4.
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Table 4. 4 Hydrogen adsorptions on platinum atom of platinum clusters-decorated

closed-end SWCNTs.

Hydrogen adsorption

On Pt cluster/(3,3)5WCNT :
H2Pt2 (3,3)SWCNTb
H2Pt3/(3,3)SWCNTb

H.H/PV(3,3)SWCNTC

On Pt cluster/(4,4)SWCNT :
H2Pt2(4,4)SWCNTb
H2Pt3/(4,4)SWCNTb

H.H/PV(4,4)SWCNTc

On Pt cluster/(5,5)SWCNT :
H2Pt2(5,5)SWCNTb
H2Pt3/(5,5)SWCNTh

H.H/PV(5,5)SWCNTC

a kcal/mol.

b Chemisorption.

c Dissociative chemisorption.

Afadsa

-18.91
-18.82
-40.14

-23.15
-31.24
-21.29

-24.14
-24.05
-30.44

The zero-point vibration corrected energies (ZPE) and thermodynamic

guantities for H2 adsorbed to Pt on Pt4 decorated SWCNTs were obtained and their

equilibrium constants were derived from their free energy changes as shown in Table

4.5. All the hydrogen adsorptions are exothermic and spontaneous reactions 298 K

The preferred reactions for hydrogen adsorption processes on Pt atom of Pt-

decorated SWCNTs are in order: the Pt4/(3,3)SWCNT (AG28= -23.99 kcal/mol) >

PV(5,5)SWCNT (AG2%8= -17.68 kcal/mol) > PV(4,4)SWCNT (AG28= -3.02 kcal/mol).

The equilibrium constant of hydrogen adsorption on the Pt4/(3,3)SWCNT ( 298=
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3.87X1017) is very large and 2.40xl1c/ltimes larger than on the Pt/(55)SWCNT (K28

= 9.21X1012 and 3.36X101 times larger than on the Ptg/(4,4)SWCNT (AT38=

9.21X1012.

Table 4.5 Energetics, thermodynamic quantities and equilibrium constants of 2

adsorbed to Pt on Ptg decorated armchair closed-end SWCNTs.

ab

Reaction AE All28 AGZB8 1208
H2 + Ptg/(3,3)SWCNT -» H.H/Ptg/(3,3)SWCNT  -39.36  -46.61  -23.99 3.87X10T7
H2 + Ptg/(4,4)SWCNT H.H/Pt<j/(4,4)SWCNT  -19.82  -27.04 -3.02 1.64X102
2 + Ptg/(5,5)SWCNT — > H.H/Ptg/(5,5)SWCNT = -29.59  -38.96  -17.68 9.21X1012

Zero-point vibration energy (ZPE).

kcal/mol.

4.5 Small gas adsorption on Ptg cluster- decorated SWCNTs

The optimized structures of adsorption configurations of CO, 02 N2, C02 N2,
S02 H2, NO2 and NH3 on Ptg/(3,3), Ptg/(4,4) and Ptg/(5,5SWCNTs are shown in
Figures 4.11, 4.12, 4.13, 4.14, 4.15, 4.16, 4.17, 4.18 and 4.19, respectively. Their
adsorption energies are shown in Table 4.6. It was found that the adsorption of CO
which are the highest strengths for Ptg/(3,3) and Ptg/(5,5)SWCNTs and their adsorption
energies are -66.42 and -59.90 kcal/mol, respectively. For N adsorption on the

Ptg/(4,4)SWCNT was found to be the strong adsorption (Afadss -49.17 kcal/mol).
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Meanwhile, C02 adsorption showed the lowest adsorption abilities on Ptg/SWCNTs for
all SWCNTs sizes and their adsorption energies are -6.15, -1.23 and -7.19 kcal/mol for
Pta/(3,3), Ptg/(4,4) and Pt4/(5,5) SWCNTSs, respectively. The adsorption abilities of small
gases are in orders: CO > N02 > 02 > NH3> N2> S02 > N > HXD >> CO02for
Ptd(3,3)SWCNT, NO2 > CO > 02 > NH3 >S02 > HD > N2> ND » CO02for
Pt,/(4,4)SWCNT and CO > 02 > N0O2 > NH3> N2> HD > S02> N » CO02for
Pto/(5,5)SWCNTS.

Table 4.6 Adsorption energies of small gases on R cluster decorated on various size

close-ended SWCNTSs.

. Afaka
Gas adsorption
(3,3)SWCNT  (4,4)SWCNT (5,5)SWCNT

PVSWCNT + CO — » CO/PVSWCNT -66.42 -44.54 -59.90
PVSWCNT + 02 — » 02Pta/SWCNT -54.14 -42.12 -52.16
PVSWCNT + N2 —> N2 PVSWCNT -30.44 -12.42 -27.14
PVSWCNT + C02 — > CO2PVSWCNT 6.15 -1.23 -7.19
PVSWCNT + N —> NO/PtadSWCNT -23.70 -7.70 -21.76
Pto/SWCNT + S02 — > S02Pto/SWCNT -24.72 -22.64 -23.53
Pto/SWCNT + HD — > HD/Pto/SWCNT -23.38 -17.97 -25.59
PtaSWCNT + NO2— > NO2Ptfi/SWCNT -64.00 -49.17 -47.66
Pto/SWCNT + NH3— > NH3 Pt4SwcNT -41.09 -31.07 -42.98

in kcal/mol.
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Figure 4.11 Adsorption configurations of CO adsorbed on Pt atom of the Pt4 cluster-
decorated closed-end as (a) (3,3), (b) (4,4) and (c) (5,5) armchair SWCNTs. Their bond

distances are in A

Figure 4.12 Adsorption configurations of 02 adsorbed on Pt atom of the Pt4 cluster-
decorated closed-end as (a) (3,3) (b) (4,4) and (c) (5,5) armchair SWCNTs. Their bond

distances are in A.
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Figure 4.13 Adsorption configurations of N2 adsorbed on Pt atom of the Pt4 cluster-
decorated closed-end as (a) (3,3), (b) (4,4) and (c) (5,5) armchair SWCNTs. Their bond

distances are in A

Figure 4.14 Adsorption configurations of C02 adsorbed on Pt atom of the Pt4cluster-

decorated closed-end as (a) (3,3), (b) (4,4) and (c) (5,5) armchair SWCNTs. Their bond

distances are in A.
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Figure 4.15 Adsorption configurations of N2 adsorbed on Pt atom of the Ptqcluster-
decorated closed-end as (a) (3,3), (b) (4,4) and (c) (5,5) armchair SWCNTs. Their bond

distances are in A

Figure 4.16 Adsorption configurations of S02 adsorbed on Pt atom of the Pt4cluster-
decorated closed-end as (a) (3,3), (b) (4,4) and (c) (5,5) armchair SWCNTs. Their bond

distances are in A.
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Figure 4.17 Adsorption configurations of HD adsorbed on Pt atom of the Ptq cluster-
decorated closed-end as (a) (3,3), (b) (4,4) and (c) (5,5) armchair SWCNTs. Their bond

distances are in A

2.00

(a)

Figure 4.18 Adsorption configurations of NO2adsorbed on Pt atom of the Ptfl cluster-
decorated closed-end as (a) (3,3), (b) (4,4) and (c) (5,5) armchair SWCNTs. Their bond

distances are in A
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Figure 4.19 Adsorption configurations of NH3 adsorbed on Pt atom of the Pt4cluster-
decorated closed-end as (a) (3,3), (b) (4,4) and (c) (5,5) armchair SWCNTs. Their bond

distances are in A

4.6 Binding of PGMs clusters on SWCNTs and their hydrogen adsorption.

The optimized structures of platinum group metal (PGM) as tetrameric
clusters (Rua Rh,, Pd4, Osa and Ir4 on denoted C-C bonds at closed-end cap were
obtained. It was found that all the tetrameric clusters of PGMs are distort tetrahedral
structure. The geometrical parameters of PGMs-tetrameric clusters are shown in
Figures 4.20, 421 and 4.22 for their binding structures on the (3,3)SWCNT,
(4,4)SWCNT, (5,5)SWCNT, respectively.

The binding energies for PGMs adsorbed on sidewall of the various sizes of
closed-end SWCNTs are listed in Table 4.7. The binding abilities of PGMs clusters on
(3,3), (4,4) and (5,5 SWCNTs are in same order: Os > Ru > Ir > Rh > Pd. All various
sizes of SWCNTs decorated by Osa are found that the interaction between Os4

clusters and SWCNTs sidewall are the strongest as compared with others clusters.
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The binding abilities of PGMs clusters on SWCNTs are in the same order: (3,3)SWCNT
> (4,4)SWCNT > (5,5)SWCNT.

Table 4.7 Binding energies of PGMs clusters adsorbed on various sizes of close-

ended SWCNTSs.

Reaction Abinging0

PGMs clusters on SWCNTSs:

Ir4+ (3,3)SWCNT -> M3,3)SWCNT -81.52
Ir4 + (4,4)SWCNT — > Ir4(4,4)SWCNT -69.73
Ir4 + (5,5)SWCNT -» Ir,/(5,5)SWCNT -59.76
Os4 + (3,3)SWCNT — » Osa/(3,3)SWCNT -116.97
0sq+ (4,4)SWCNT -> Oso/(4,4)SWCNT -107.38
0 4 + (5,5 SWCNT — > 0s0/(5,5)SWCNT -98.84
Pd4 + (3,3)SWCNT -> Pdg/(3,3)SWCNT -35.15
Pdq + (4,4)SWCNT -> Pda/(4,4)SWCNT -27.43
Pda + (5,5 SWCNT — » Pda/(5,5)SWCNT -20.31
Rna + (3,3)SWCNT — > Rha/(3,3)SWCNT -60.09
Rh. + (4,4)SWCNT — » Rhd(4,4)SWCNT -49.94
Rha+ (55SWCNT  Rh4(5,5)SWCNT -38.57
Rua + (3,3)SWCNT -> Ru4(3,3)SWCNT -93.11
Ru4 + (4,4)SWCNT -> Rua/(4,4)SWCNT -88.76
Ru4 + (5,5)SWCNT -» Ru4(5,5)SWCNT -79.78

in kcal/mol.
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Figure 4.20 The B3LYP/GEN-optimized structures of closed-end (3,3) armchair SWCNT decorated (a) Ru4 (b) Rh4, (c) Pd4, (d) Os4, (e) Ira-

doped SWCNTs.
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Figure 4.21 The B3LYP/GEN-optimized structures of closed-end (4,4) armchair SWCNT decorated (a) Rua (b) Rh4, (c) Pd4, (d) o #4, (e) Ir4

doped SWCNTs.
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Figure 4.22 The B3LYP/GEN-optimized structures of closed-end (5,5) armchair SWCNT decorated (a) Ru4, (b) Rma, (c) Pda, (d) Osa, (e) Ira-

doped SWCNTs.



47

Their hydrogen adsorption configurations are shown in Figures 4.23, 4.24 and
4.25 for PGMr/(3,3), PGMr/(4,4) and PGMn/(55SWCNTs, respectively. The hydrogen
adsorption abilities on Ira Osa and Rhg/SWCNTs are in same order as (5,5) > (4,4) >
(3,3)SWCNTs, but the abilities on RuYSWCNTs is extremely different, which are in
order: (4,4) > (3,3) > (5,5)SWCNTs. While, 2 adsorbed on Pdg/SWCNTs show slightly

different on various sizes of SWCNTSs.

It was found that adsorptions of hydrogen molecule on the Osa and Ira of
PGMfl/SWCNT for all SWCNTs sizes are dissociative chemisorption but adsorptions of
hydrogen molecule on Pda Rua Rha of PGMfl/SWCNT for all SWCNTs sizes are
chemisorption as shown in Table 4.8. The dissociative chemisorption for hydrogen
adsorption on OSIi/SWCNTs and kd/SWCNTs were found and their abilities are in
order: PGM4(3,3)SWCNT (A£ab= -20.89, -18.11 kcal/mol) < PGMa(4,4)SWCNT (A
- -42.76, -24.93 kcal/mol) < PG(vy(5,5)SWCNT (A£aB= -43.13, -24.95 kcal/mol).

The hydrogen adsorption on the OSfIAS"SWCNT and Ir</(5,5)SWCNT are
slightly different as compared with the Os,/(4,4)SWCNT and Ird(4,4)SWCNT,
respectively. The hydrogen adsorption on the Os"/SWCNT is much stronger than on

the Irg/SWCNT.
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Table 4.8 Adsorption energies of 2 on metals cluster of various sizes close-ended

SWCNTs.

Hydrogen adsorption Aads

PGMs dusters on SWCNTSs :

H2Irq/(3,3)SWCNTb -18.11
H7|rd/(4,4)SWCNTb -24.93
H2ZM5,5)SWCNTb -24.95
H20sd(3,3)SWCNTb -20.89
H20 o/(4,4)SWCNTb -42.76
H20sq/(5,5)SWCNTb -43.13
H2Pdd(3,3)SWCNT -16.08
H2P d4(4,4)SWCNT -16.91
H2Pdq/(5,5)SWCNT -16.80
H2Rh4(3,3)SWCNT -8.19
H2Rhq/(4,4)SWCNT -10.42
H2Rh4(5,5)5WCNT -20.73
H2ZRu4(3,3)SWCNT -9.02
H2R ud/(4,4)SWCNT -14.21
H2Ru4(5,5)SWCNT -8.36
in kcal/mol.

Dissociative adsorption.



H/Ru-SWCNT H/Rh-SWCNT H,/Pd-SWCNT

H,/0s-SWCNT

Figure 4.23 The B3LYP/GEN-optimized structures of adsorption configurations of H2

adsorbed on metal atom of (@) Ru4, (b) Rh,, (c) Pd4, (d) Os4, (e) Ir4doped of closed-
end (3,3)SWCNTSs.

H/Pd-SWCNT

H/Os-SWCNT H/Ir-SWCNT

Figure 4.24 The B3LYP/GEN-optimized structures of adsorption configurations of 2
adsorbed on metal atom of (a) Rud (b) Rh4, (c) Pd4, (d) Os4, (e) Ir4doped of closed-
end (4,4)SWCNTs.
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H/Pd-SWONT

R/Os-SWCNT H/Ir-SWCNT

Figure 4.25 The B3LYP/GEN-optimized structures of adsorption configurations of 2
adsorbed on metal atom of (@ Ru,, (b) Rha (c) Pd,, (d) Osq (e) ,-doped of closed-
end (5,5 SWCNTs.
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