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Pd functionalized single-walled carbon nanotubes (SWNTs) have recently been used 
in chemical gas sensor applications. Variously functionalized SWNTs have shown great 
advantages over conventional sensors, in the detection of many types of molecules which are 
not sensitive to the pristine carbon nanotubes. In this paper, we study the electronic properties 
of Pd single atom modified SWNTs and their interactions with hydrogen molecules using 
electronic structure calculations. These calculations were performed using the pseudo-
potential plane wave method within density functional theory and the generalized gradient 
approximation. Two types of SWNTs, armchair tube and zigzag tube, were studied. The 
interaction between Pd atom and SWNTs leads to a chemisorption bonding involving charge 
transfer. The electronic structures around Fermi level for both types of tubes were significantly 
modified. When loaded with H, we have seen a different charge transfer mechanism. The 
sensing mechanism for hydrogen detection using Pd-SWNT as sensing material will be 
proposed in detail, and the performance of different type tubes will be further discussed. 
 
 
I. INTRODUCTION 
 

Single-walled carbon nanotubes(SWNTs)1 have become some of the most attractive 
materials for nanodevices because they have special geometries and exhibit many unique 
electrical and mechanical properties2,3. Recently, great advances have been made in applying 
carbon nanotubes (CNTs) as sensor devices to detect the presence of gases4,5,6,7-17, such as 
O2, NH3, and NO2. The basic principle behind these gas sensors is a change in the electrical 
conductivity of the semiconducting CNTs, induced by the charge transfer of gas molecules 
adsorbed on the surfaces. CNTs stand out as an excellent candidate for use as a gas sensing 
material due to their tendency to change electronic properties at room temperature, as well as 
the large surface area provided by the center hollow cores and outside walls. For example, 
sensors fabricated using functionalized SWNTs have shown to be extremely sensitive to the 
O2,8,9 NH3,9,10 NO2,10,11 or other chemicals11,1213

, and biological species,14,15 by measuring the 
resistance or conductance of the SWNTs. However, the range of molecules that can be 
detected by bare CNTs is limited. Gases, such as H2, CO, CO2 H2O and CH4, can not be 
detected. To overcome the limitation of intrinsic CNTs as a sensing material and to offer scope 
for improving the sensor performance, CNTs are functionalized by several methods, such as 
substitutional doping,16 metallic coating,17,18,1920 or introduction of functional groups.21,22 The 
functionalized CNTs can be characterized by various techniques23, like X-ray diffraction, 
electron spin resonance (ESR)/electron paramagnetic resonance (EPR), ultraviolet 
(UV)/infrared (IR) spectroscopy, nuclear magnetic resonance (NMR), Raman spectroscopy, 
etc, and observed by transmission electron microscopy (TEM), atomic force microscopy (AFM) 
or scanning electron microscopy (SEM). The functionalization of SWNTs induces dramatic 
changes in both physical and chemical properties of the bare tube, and greatly improves the 
performance of the sensors.16-21 One such improvement has been shown on the Pd coated 
SWNT based hydrogen sensor reported by Kong and co-workers17, where a fast response and 



high sensitivity and reversibility at room temperature have been observed. Also very recently, 
Pd loaded SWNTs sensors was tested for CH4 gas detection.18 The results show 10 times 
improvement of sensitivity compared to conventional beads and metal oxide CH4 sensors. 
However, even though recent experimental work has shown that functionalized SWNTs 
achieve a great success on detecting gas molecules, very few theoretical investigations have 
been made on the gas sensing mechanism of Pd functionalized SWNTs.  

 
In the article, we study the use of Pd functionalized SWNTs as hydrogen gas sensors. 

Such work is essential to the rational design of novel sensing materials and to achieving a 
better understanding of the sensing mechanism. In the paper, single Pd atom functionalized 
SWNTs are considered, ab initio pseudo-potential plane-wave calculations within the density 
functional theory (DFT) are used to obtain the results. Two types of SWNTs are used in this 
study, semiconducting SWNT(10,0) and metallic SWNT(6,6), with similar diameters of 7.83Ǻ 
and 8.14Ǻ. SWNT(10,0) is chosen as a typical semiconducting tube because it is dominant in 
synthesized material.24 Conducting tube (6,6) is also studied in order to see the potential use 
of metallic SWNTs in sensors.  

 
 

II. COMPUTATIONAL METHODS 
 

The Vienna ab initio simulation package (VASP)25,26,27 was used to perform the 
periodic system calculations. The total energy and electronic structure calculations are carried 
out within the generalized gradient approximation (GGA) of PW9128 using the pseudopotential 
plane wave method. A large energy cutoff of 500eV for the plane wave basis set is used for all 
large hexagonal supercells. The SWNTs are considered as isolated and infinite in length, with 
lateral separation of more than 1nm. To reduce the adatom interactions, supercells are chosen 
as three times larger than the unit cell in tube direction, namely sc ucC = 2C for (10,0) tube and 

sc ucC = 3C for (6,6) tube. The brillouin zone of the supercell is sampled by 1×1×31 k-points within 
the Monkhorst-Pack special k-point scheme.29 Structural configuration of isolated SWNTs and 
the supercell sizes are fully relaxed to minimize their total energies by conjugate gradient (CG) 
method. Same sized supercells are used next for adsorption, and all atomic positions of 
adsorbate and nanotubes are optimized until the remaining forces converge within 0.05eV/Ǻ.   

 
The adsorption, Ead, for Pd functionalized SWNT is calculated by  
 

( ) ( ) ( )ad T T TE =E Pd+SWNT -E bare SWNT -E Pd , 
 
where ET is the ground state total energy for different full-relaxed systems. For 

hydrogen adsorbed on Pd functionalized SWNT system, we apply the similar equation to 
calculate hydrogen adsorption energy as:  

 
( ) ( ) ( )ad T T TE =E H+Pd+SWNT -E  Pd+SWNT -E H . 

 
The negative adsorption energies correspond to an energetically bound species. 
 
 
 



III RESULTS and DISCUSSION 
 
A. Pd functionalized SWNTs 
 

Four different sites are considered for a single Pd atom functionalized SWNT, as 
shown in Figure 1. They are top site (above a carbon atom), hollow site (above the center of a 
carbon ring), and two bridge sites (above the middle of two neighbor carbon atoms), where 
bridge-1 is perpendicular to the tube axis. Pd adsorbed SWNT system has been reported 
having a zero magnetic moment30, and our calculations of a single Pd atoms also shows the 
nonmagnetic property. However, we do use spin-polarized DFT in our calculations in the 
atomic hydrogen + Pd functionalized system in order to observe the possible change of 
magnetic moment in the interactions of H and Pd.  
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Fig. 1 Schematic drawing of top views of four possible sites for single Pd adsorption 
on the SWNT(6,6). Brown dots stand for Pd atoms. Bridge-2 site is different from bridge-1 site 
because the former site located C-C bond is perpendicular to the tube axis. In the 
SWNT(10,0) case, bridge-2 site is located on a C-C bond paralleling to the tube axis.  

 
 

Table 1 Calculated adsorption energies, Ead, carbon-Pd bond distance dPd-C, on 
different absorption sites on SWNT(6,6), and magnetic moment, µ. 

System Ead (eV) d Pd-C (Ǻ) µ (µB) 
Hollow -0.98 2.59 0.00 
Top -1.39 2.10 0.00 
Bridge1 -1.41 2.15 0.00 
Bridge2  -1.23 2.17 0.00 

 
Table 2 Calculated adsorption energies, Ead, carbon-Pd bond distance dPd-C, on 

different absorption sites on SWNT(10,0), d Pd-C, and magnetic moment, µ. 
System Ead (eV) d Pd-C (Ǻ) µ (µB) 
Hollow -1.44 2.93 0.00 
Top -1.44 2.14 0.00 
Bridge1 -1.33 2.17 0.00 
Bridge2  -1.45 2.14 0.00 

 
 

The calculated adsorption energy for SWNT(6,6) and (10,0) are listed in Table 1 and 
2. The adsorption energies of Pd atoms on four different sites ranges from ~-1 to ~-1.4eV. The 
average Pd-tube bond length occurs in the range of 2.1-2.6Ǻ. The Pd atom is found to be 
energetically most favorable to bridge 1 site on (6,6) tube, with a bond distance of 2.15 Ǻ, and 
bridge 2 site on (10,0) tube, with a bond distance of 2.14 Ǻ. Comparing the adsorption energy 
of all site, the hollow site is obviously unstable for Pd atom adsorption on a (6,6) tube. Other 
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three sites on (10,0) tube are about equally favorable for Pd atom adsorption. The binding 
energies of Pd atom on (6,6) tube is relatively smaller than (10,0) tube due to the smaller 
curvature of the first one. 
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Fig 2 Band structure of clear (right) 

SWNT(6,6) and (left) single Pd atom adsorbed 
SWNT(6,6) , calculated for the three primitive unit cells 
consisting of 72 carbon atoms. The Fermi level energy 
is set to 0 eV. 

Fig. 3 PDOS from s and d orbitals 
of Pd atom, and p orbital of  two nearest C 
atom on the b1 site. 

 
The electronic structures of the bare (6,6) tube affected by Pd atom adsorption on a 

bridge 1 site are shown in Fig. 2. The bare (6,6) SWNT is metallic, therefore the π-π* bands 
degenerate at the Fermi level as shown in the left part of Fig.2. The modification of electronic 
structure is induced by the adsorption of a Pd atom. The degeneracy of π-π* bands of clear 
(6,6) tube at the Fermi level is removed and a gap of ~80meV appears upon the adsorption of 
Pd. Such opening of a small gap has also been reported by the electronic calculations of 
metallic chain adsorbed on metallic SWNTs,31,32 and occurs mainly because of broken 
symmetry. However the metallic character of the system remains upon the Pd adsorption, 
because Pd produces a slightly upward shift of valance band, generating a doubly occupied 
band on the Fermi level. The overall total DOS near Fermi level appears to be similar to that of 
the bear tube, except that the nearly constant DOS around Ef have a slight increase of 35%, 
followed by a 48% decrease to a minimum value of 0.04 states/eV·cell. This is the 
consequence of a reduced symmetry explained by Delenay33, as also shown in the case of Au 
atom adsorption on (6,6) tube.34 As can be seen from projected density of states (PDOS) in 
fig.3, the flat bands at ~-1.0eV consist of 5s orbitals, and the conduction bands at ~1.0eV and 
~2.5eV contain contributions from 5s and 4d anti-bonding orbital respectively.  

 
The Pd-C bonding state around ~-1eV has a major contribution from Pd s orbitals and 

C p orbitals. This is because despite 4d105s0 electronic structure of Pd has the lowest ground 
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state energy, Pd usually shows the reactivity characteristic for a transition metal, where open-
shell configuration 4d95s1 is seen. Charge transfer study shows there is only 0.14 electrons 
transferred from Pd to the (6,6) tube. For the case of adsorption of Pd on a (10,0) tube, we can 
see bands (Fig.4) from Pd are inserted at almost the same place in the band structure plot as 
that of the (6,6) tube, and the original bands from bare tubes are perturbed. Also similar as the 
Pd+(6,6) tube system, the crossed or almost degenerated states in the (10,0) tube are split in 
both valance and conduction bands due to the perturbation by the Pd atom, which reduces the 
symmetry of the wave function in the tube. The band gap between the conduction and valence 
bands of the (10,0) tube has decreased from 0.75eV to 0.6eV, and the top of valance band 
stays right below the Fermi level at the Γ point (k=0). The existence of the gap above Fermi 
level still keeps the (10,0) tube semiconducting, even though it has been reduced. We believe 
that if more Pd atoms are adsorbed, it will further reduce the gap and finally turn the (10,0) 
tube metallic. This hypothesis was proven in our studies of a Pd chain on the same tube, 
where the band gap is closed upon a Pd chain adsorption. We observed a charge transfer of 
0.22 e- from Pd atom to the (10,0) tube. The larger charge transfer on the SWNT(10,0) than 
the SWNT(6,6) is consistent with their adsorption energy differences. The charge density 
contour plots calculated on a plane passing through the Pd atom and its nearest two carbon 
atoms are presented in Fig. 5(a), and PDOS is presented in Fig.5(b). We noticed that the 
bridge 2 site C atoms of (10,0) tube has a stronger bonding states with Pd than the (6,6) tube. 
This can be seen from a better overlap between C p orbital and Pd d orbital at 0.5~-1eV below 
Fermi level.  
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Fig. 4 Band structure of clear (right) SWNT(6,6) 
and (left) single Pd atom adsorbed SWNT(10,0) , calculated 
for the three primitive unit cells consisting of 80 carbon 
atoms. The Fermi level energy is set to 0 eV 

 
 

Fig. 5 (a) Counter plot of 
total charge density of Pd on the 
bridge 2 site of SWNT(10,0) surface. 
(b) PDOS from s and d orbitals Pd 
atom, and p orbital of two nearest C 
atoms under the b2 site. 
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B. Hydrogen atom interactions with Pd functionalized SWNTs 
 

The adsorption of Hydrogen atom induced a significant modification in the bands of Pd 
functionalized SWNTs. We first performed H atom on the Pd+(6,6) system, with Pd and C 
atoms fixed. As can be seen in the Fig.6, the flat half filled 1s bands occur in the different 
places of the valence band. 1s(↑) appears ~0.5eV below EF, while 1s(↓) appears on the Fermi 
surface. The highest occupied spin-up and lowest empty spin-down band has a minute gap of 
~0.02eV. The position of the new hydrogen band indicates whether the associated localized 
state is a donor or acceptor state. It is obvious that the one hydrogen band is occupied with 
one electron, while the unoccupied occurs on the Fermi level, indicating that the H atom tends 
to attract electrons from Pd and SWNT(6,6) system. Projected density of states (PDOS) shows 
the new bands are from bonding π -σ  and anti-bonding π * -σ *  orbitals. The equilibrium PH 
bond length on SWNT(6,6) is calculated as 1.62 Ǻ. We also calculated PdH bond with respect 
to free Pd and H atoms. The result of 1.54 Ǻ is consistent with both the experimental data 
(1.53 Ǻ) ,35 and the theoretical calculation. 36 Therefore PdH on SWNT(6,6) has a longer bond 
length than that of the free molecule due to the interaction between Pd and the tube. 

 
The electronic structure and nature of the PdH bond was extensively studied during 

the 70-80s.
37,38,39 It is well known that the lowest state that can lead to the formation of a stable 

bond with H arises from the 4d95s1 configuration. However, despite the singly occupied 
valence s being available to form a single two-electron bond with 1s from H atom, the 
participation of the 4d electrons from Pd has significant contribution in the Pd-H bonding. From 
PDOS plots, we can clearly see that the outer s electron on the Pd is primarily responsible for 
the Pd-H bonding at ~0.5eV below Fermi level, but the hybridizations of the Pd d orbitals with 
the s orbital from H is not negligible. On the other hand, we did not observe overlaps between 
Pd s and C p orbitals around ~-1ev as shown in the previous case without hydrogen (Fig.3), 
instead we see a good mtach of s orbital from H with the p orbitals from C between -1~-3eV. 
Most interactions between Pd and C atoms is primarily due to the overlap of Pd-s orbital and 
C-p orbtials below -3eV, where they simultaneously intact with s orbital from H. Contour plot of 
total charge density in Fig.7(a) shows the nature of bonding among H, Pd and C atoms. The 
spin density in Fig.7(b) indicates large positive spin density is at Pd atom, showing like a d 
orbital shape, and at H atom showing as s orbital shape, while some negative spin density 
appears in the interstitial region between Pd and H. This indicates that the influence of 
magnetic moment (0.7 Bµ  as calculated) is concentrated on Pd and H atoms, and not on C 
atoms. 

 
We did not observe large electron overlaps between C and Pd atoms, therefore Pd-C 

is a weak bond compared to Pd-H bond. The binding energy of a single Hydrogen atom on the 
(6,6) tube supported Pd is calculated as 1.60eV, which is lower than that of 2.34eV of the PdH 
molecule with respect to the free Pd and H atoms on the CASSCF and MRSDCI levels39, and 
2.43 eV at the GGA level40. Therefore the adsorption of H atom weakened by SWNT(6,6), but 
still within the energy range of chemisorption. A charge of 0.34 e- was observed to be 
transferred to the H antibonding state from the Pd functionalized (6,6) tube. This number is 
higher than a maxima 0.3 e- charge transfer from Pd to H in the PdH system, based on APW 
calculations.41 We assign this effect to the existence of carbon nanotube, because unlike 
gaining charge previously from Pd without H, the previous excess charges plus extra 0.04 e- 
on the tube are actually transferred back to the PdH complex this time, therefore extra charge 
transfer is observed and some holes might be seen on the (6,6) tube. 



 
The effect of H adsorption on Pd functionalized SWNT(10,0) is sill under investigation, 

more results will be reported later. 
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Fig 6 Band structure of Hydrogen 

adsorbed Pd-SWNT(6,6) The Fermi level 
energy is set to 0 eV. Spin-up and spin-down 
states are shown by solid and dotted lines 
respectively. 

 
 

Fig. 7. Contour plot of (a) total charge 
density and (b) magnetization density on a plan 
perpendicular to the tube asix and passing 
through Pd and H atoms on SWNT(6,6). (c) spin 
polarized PDOS contributed from Pd, H, and 
two nearest carbon atoms 

 
C. Hydrogen molecule interactions with Pd functionalized SWNTs 
 

The Palladium atom can also bind two hydrogen atoms in the 
gas phase. The dihydrogen complex of H2 and Pd was reported to 
have an H-H bond length of 0.86Ǻ, and a Pd-H bond length of 
1.67Ǻ.42 In investigating the adsorption of a H2 molecule on 
SWNT(6,6) supported Pd, we do observe the significant increase of 
the H-H bond, where the distance between the two H atoms are 
0.84Ǻ. The Pd-H bond length is observed as 1.76Ǻ. We calculated 
the total energy difference between the initial Pd-SWNT(6,6) and H2 
state and the final H2-Pd-SWNT(6,6) state, in order to calculate the 
binding energy for this dissociative adsorption. We obtained the 
result of -0.79 eV. This association energy of is much higher than the physisorption of 
H2 on bare SWNTs. The system is nonmagnetic once the hydrogen is attached to Pd, 
therefore spin polarized calculation is not necessary. 

 
The effect of Hydrogen molecule adsorption on Pd functionalized SWNT(10,0) 

is sill under investigation.  
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