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The gas sensitivity of platinum doped TiOz (101) to two kinds on polyvinyl chloride decomposition production, CO and
HCI, were explored based on density functional theory. The binding energy, adsorption distance, charge transfer, and
density of states distribution were simulated and discussed. The results suggest that the O oriented mode is probably the
best mode for the CO gas molecules adsorption on the Pt-TiO2 and H oriented mode for the HCI adsorption system. HCI
and CO molecules obtain electrons from Pt doped TiO2 surface. At room temperature, the recovery time of CO and HCl
is 1.9743 x 10719, 1.2094 x 10719 respectively. HCl is easier to dissociate from Pt doped TiO2 surface with a little lower
energy barrier compared to CO. This work provides theoretical adsorption information of Pt-TiO2 as gas sensor material
for HCI and CO detection in the application of online condition monitoring and defect diagnosis in the power cables.
Keywords: polyvinyl chloride, Pt doping, TiO2, gas sensitivity, CO, HCI.

1. INTRODUCTION

Polyvinyl chloride (PVC) has been widely utilized in
the outer sheath of power cable, due to the advantage of
good abrasion resistance and insulation characteristics, etc
[1-3]. However, the thermal stability of PVC is poor
leading to it being easy to decompose and generate CO,
HCI and other gases under overheating defects [4—7].
Moreover, the formation characteristics of these
decomposition products are significantly related to the
thermal decompose temperature [8]. As a result, the early
fire warning of power cable could be realized effectively
via the detection of the decomposition gases of PVC based
on gas sensors [9].

As such material with remarkably high gas sensitivity
properties and stability [10—12], anatase TiO, (101) has
been getting wide attention. In addition, the gas sensitivity
property of materials could be improved significantly via
noble metal doping on the surface [13, 14]. For TiO,, Gui
et al found that Pt doped TiO, performs a nice gas-
sensitivity performance on SOF,, SOF,, and SO,
[15—17]. Zhang studied the gas sensitivity and sensing
mechanism of Au-doped TiO, for SFs decomposition
components [18].

In this paper, two gas sensitivity properties of
characteristic decomposition products of PVC, namely CO
and HCI, on Pt-doped anatase TiO, (101) (Pt-TiO,) were
investigated based on the density functional theory (DFT).
The binding energy, charge transfer, density of states, the
distributions of occupied molecule orbital were analysed.
All results provide theoretical information for the
application of Pt-TiO; in the online monitor of fire fault of
power cable.
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2. METHODS

The spin-polarized calculations were implemented by
Dmol® package in this paper [19]. All the structures were
optimized via general gradient approximate (GGA) with
Perdew-Burke-Ernzerho (PBE) function [20]. The global
orbital cutoff radius was selected as 5.0 A to ensure the
accurate calculation results of total energy [21, 22]. The
K-points of the Brillouin zone are sampled as 2 x 3 x 1 by
the Monkhorst-Packscheme method. Tkatchenko and
Scheffler’s (TS) DFT-D method was adopted for a better
consideration of the dispersion forces [23]. The
convergence threshold, energy tolerance accuracy, and
maximum atom displacement were selected as 0.002 Ha/A,
1.0x10”° Ha, and 5x107 A, respectively [24].

The binding energy Epinaing of CO, HCI gas molecules
adsorbed on Pt-TiO, surface is determined as the Eq. I
[25-28]:
E E

binding — Lgas/Pr-Tio2 ~

E_-E

gas

(M

where Eguypirioz, Egus, and Ep.rior represent the total
system energy after gas molecules adsorption, the energy
of isolated gas molecules, and the energy of intrinsic Pt-
TiO; surface, respectively.

The charge transfer O, was obtained via Hirshfeld
analysis charge population [29, 30]. If the O, > 0, it denotes
the gas molecules donated electrons to the Pt-TiO, surface
during the adsorption process. If the O, <0, it indicates the
electrons transfer from the Pt-TiO, surface to gas
molecules during the adsorption process.

Pt-Ti02 »

3. RESULTS AND DISCUSSION
3.1. The Pt-doped anatase TiO; (101) surface

Based on the previous research [16], the size of the
(101) surface supercell is 10.88 A x 11.32 A° x 24.35 A.



The height of the vacuum above the surface is
approximately 16 A to prevent the interaction between
adjacent cells. And one Pt atom dopes between two O
atoms of TiO, is the most stable structure. Both bond
lengths of Pt-O are 2.371 A, and the bond angle of O-Pt-O
is 96.119°. The optimized structures of the Pt-TiO, surface
are shown in Fig. 1. Fig. 2 shows the density of state
(DOS) of the intrinsic anatase TiO, (101) surface and the
Pt-doped TiO» anatase surface. In Fig. 2, we observed that
the doped Pt atoms connected the valence band and
conduction band separated on the intrinsic TiO; surface,
improving the surface conductivity effectively.

Fig. 1. Views of Pt doped TiO2 (101) surface
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Fig. 2. DOS of the TiO2 (101) surface and Pt-TiO2 (101) surface:
a—TiO2 (101); b—Pt-TiO2 (101)

Fig. 3 shows the energy gap between the intrinsic
anatase TiO, (101) surface and the Pt-doped TiO; anatase
surface. The energy gap after Pt atom doping is 0.439 eV,
which is 1.722 eV less than the intrinsic TiO, energy gap
of 2.161 eV. The smaller the band gap, the easier it is for
electrons to be excited from the valence band to the
conduction band, the higher the intrinsic carrier
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concentration and the higher the conductivity.
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Fig. 3. Energy gap of the TiO2 (101) surface and Pt-TiO2 (101)
surface: a— TiO2 (101); b—Pt-TiO2 (101)

3.2. Adsorption property of CO on Pt-TiO;
surface

The bond length of C-O in the optimized structure of
the CO gas molecule is 1.142 A. When simulating the
adsorption process of CO on the Pt-TiO2 surface, two
initial adsorption modes are considered. One is the C atom
of the CO molecule oriented to the Pt atom of the Pt-TiO;
surface  (C-oriented mode). Another  adsorption
configuration is the O atom of the CO molecule oriented to
the Pt atom of the Pt-TiO; surface (O-oriented mode).

The optimized adsorption configurations of CO on the
Pt-TiO, surface are exhibited in Fig.4 and the relevant
adsorption parameters are shown in Table 1. For
C-oriented mode, the adsorption distance is 1.970 A, and
the binding energy is -0.326 eV. In addition, there is just
-0.0121 e electrons transfered from CO to the Pt-TiO,
surface during the adsorption process. As for O-oriented
mode, the binding energy of 1.305eV and the charge
transfer of -0.0324 e are quite higher than those under
C-oriented mode. At the same time, the adsorption distance
is 1.713 A. All of these indicates that the O oriented mode
is probably the best mode for the CO gas molecules'
adsorption on the Pt-TiO; surface.

Table 1. Parameters of CO adsorbed on the Pt-TiO: surface in
two kinds of oriented modes

Adsorptlol} Distance, A | Ebinding, €V O, e
configurations

C-oriented mode 1.970 -0.326 -0.0121
O-oriented mode 1.713 1.305 -0.0324




Table 2 compares the adsorption parameters between
CO and different oxides [29, 30]. The results show that the
adsorption distance of CO on SnO; (110) and f-MnO; (110)
is larger than Pt-TiO, (101), and the adsorption energy is
smaller than Pt-TiO; (101). This shows that CO is more
suitable for adsorption on Pt-TiO, (101).

Fig. 4. The optimized adsorption configurations of CO on Pt-
TiO2 surface: a— C-oriented mode; b— O-oriented mode

Table 2. Adsorption parameters of CO on different oxides

Oxide Distance, A Ebinding, €V Oe
SnO2 (110) 2.500 -0.560 -0.122
B-MnO2 (110) 2.064 -0.536 0.110
Pt-TiO; (101) 1.713 1.305 -0.0324

The total density of states (TDOS) and partial density
of states (PDOS) configuration for CO adsorbing on
Pt-TiO, surface are analyzed to explore the electronic
properties, and they are shown in Fig. 5 and Fig. 6. 0 eV
refers to Fermi level.
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Fig. 5. Density of states configuration of CO adsorbing on
Pt-TiO2 surface in C oriented mode: a— TDOS; b—PDOS
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Fig. 6. Density of states configuration of CO adsorbing on Pt-
TiO:z surface in O oriented mode: a— TDOS; b—PDOS

The DOS in C oriented mode is shown in Fig. 5. The
TDOS near the Fermi level decreased obviously and there
is a new peak appearing at -8 eV after CO adsorption.
According to PDOS, the 2p orbitals of C, O atoms and the
5d orbital of the Pt atom overlapped around -7 eV. The
DOS in O oriented mode is shown in Fig. 6. One can find
that the TDOS after CO adsorption is similar to that before
adsorption. However, TDOS shifted to the right at about
0.3 eV and there also a new peak appeared at -9.5 eV after
CO adsorption. According to PDOS results, the 2p orbital
of O atoms and 5d orbital of the Pt atom overlapped
around -4 e¢V. In addition, it is worth noting that the peak
value 5d orbital of Pt atom in O-oriented mode is quite
higher than that in C-oriented mode, which indicates there
are more electrons transferred from Pt-TiO> to CO in O-
oriented mode than in C-oriented mode. And the result is
consistent with the Hirshfeld charge population analysis.

3.3. Adsorption property of HCl on Pt-TiO;
surface

For the adsorption of HCI, two initial adsorption
modes are considered as well, namely, the H atom of the
HCI molecule oriented to the Pt atom of the Pt-TiO»
surface (H-oriented mode) and the Cl atom of the HCI
molecule oriented to the Pt atom of the Pt-TiO, surface
(Cl-oriented mode). As for H oriented mode, the binding
energy is 1.184 eV with an adsorption distance of 1.910 A.
At the same time, -0.1031 e electrons transfer from the Pt-
TiO, surface to the HCl molecule during adsorption. In



addition, the bond length of H-CI increased from 1.289 A
to 1.354 A and the two bond lengths of O-Ti changed to
2.418 and 2.410 A. For Cl-oriented mode, the adsorption
distance of 2.245 A and charge transfer of -0.1296 ¢ is
quite longer than those that in H oriented mode. And the
binding energy is 0.359eV. It is worth noting the
deformation of HCl molecules and Pt-TiO> surface. The

bond length H-C1 of the HCI molecule increases to 2.159 A.

Two bond lengths of O-Ti changed to 2.220 and 3.493 A
and Pt atom is closer to the intrinsic TiO, surface after
adsorption.

Fig. 7. The optimized adsorption configurations of HCl on
Pt-TiO2 surface: a—H-oriented mode; b—Cl-oriented
mode

Table 3. Parameters of HCI adsorbed on the Pt-TiO2 surface in
two kinds of oriented modes

AdSOI‘pthI.l Distance, A Ebinding, €V O, e
configurations

H-oriented mode 1.910 1.184 -0.1031
Cl-oriented mode 2.425 0.359 -0.1296

The optimized adsorption configurations of HCI on the
Pt-TiO2 surface are exhibited in Fig. 7 and the relevant
adsorption parameters are shown in Table3. The
configurations of DOS for HCl adsorbing on Pt-TiO;
surface are exhibited in Fig. 8 and Fig. 9. For H oriented
mode, TDOS shifted to the left about 0.1 eV after HCI1
adsorption, which indicated that the system becomes more
stable and the electrons move towards the low energy
position after adsorption. In addition, there is a new small
peak that appeared at -14.5eV. According to the
configuration of PDOS, the 5d orbital of Pt overlapped
around -1 eV with the 3p orbital of Cl. The 5d orbital of Pt,
the 3p orbital of Cl and the 1s orbital of H overlapped with
each other around -6 eV, which implies a hybridization
between these atomic orbitals and indicates that the
interaction between HCI molecule and Pt-TiO surface is
strong.

For Cl-oriented mode, there are two new peaks that
appeared around -13 and -8 eV after adsorption. Compared
with the TDOS configurations of thr Pt-TiO, surface, the
energy gap after HCl adsorption via Cl-oriented mode
decreases from 0.468 eV to 0.448 eV. In addition, the peak
value of the 5d orbital of the Pt atom in Cl-oriented mode
is larger than that in H-oriented mode, indicating that more
charger transfer happened in Cl-oriented mode during the
adsorption process and meeting the results of Hirshfeld
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charge population analysis.
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Fig. 8. Density of states configuration of HCl adsorbing on
Pt-TiO2 surface in H oriented mode: a— TDOS; b—PDOS
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Fig. 9. Density of states configuration of CO adsorbing on Pt-
TiOz surface in O oriented mode: a— TDOS; b—PDOS



3.4. The recovery properties of CO and HCI on Pt-
TiO; surface

To evaluate the gas sensitivity of CO and HCI on the
Pt-TiO; surface comprehensively, the recovery properties
are also analyzed. The key parameter of recovery
properties is the recovery time 7 and it can be defined
based on the Van’t-Hoff-Arrhenius expression and
transition state theory [33, 34], as shown in Eq. 2:

T=A—le(fEdl,/RT)’ (2)
where A represents the apparent frequency factor; Eq. is the
desorption energy; R is the Boltzmann constant; T is the
temperature (unit K). It can be considered that the value of
the desorption energy is the same as that of binding energy.
Assuming A does not change in different gas molecules
adsorption [35, 36], the smaller the Epinaing 18, the shorter
the 7 is under the same temperature. According to the
formula, the recovery time of CO at room temperature
t=1.9743 x 1079, the recovery time of HCIl at room
temperature 7= 1.2094 x 10'°, Comparing the binding
energies, the difficulty of desorption and recovery property
of HCI on molecule on Pt-TiO;, surface could be better
than those of CO molecule, the faster the resolution speed
is, the better the reversibility of the sensor can be achieved.

4. CONCLUSIONS

In this paper, the gas sensitivity of Pt doped TiO,
(101) to gas molecules CO and HCl was investigated via
adsorption structure, binding energy, adsorption distance,
charge transfer, DOS and recovery properties based on
DFT. The conclusion can be summarized as followed:

1. The O oriented mode is probably the best mode for the
CO gas molecules adsorption on the Pt-TiO, and H
oriented mode for the HCl adsorption system. The
binding energy of the CO adsorption system in O
oriented mode is a little bigger than that of the HCI
adsorption system in H oriented mode.

2. The recovery time of HCI is better than that of CO,
which reversibility is more suitable as the selection
gas of the sensor.

3. Pt-TiO, surface could be more suitable for the
detecting of HCI.

All the works provide theoretical adsorption

information of Pt-TiO; as gas sensor material for HCI and
CO detection in the application of online condition
monitoring and defect diagnosis in the power cables.
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