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Abstract

TiO2 (001) crystal plane exhibits molecular adsorption and photocatalytic activity. The loading
capacity of reactive oxygen species present on crystal planes helps in the significant
improvement of catalytic activity. The methods of synthesis and conditions of existence
significantly affect the molecular adsorption properties of crystal planes, which in turn affects
the ability of the system to load reactive oxygen species. Herein, we report the simulation of
the molecular adsorption behavior on the TiO; (001) using the density functional theory
technique. The results show that the crystal plane doped with Co?* produces an oxygen defect
and chemisorbs O, molecules present in the vicinity. Under conditions of adequate O,
concentration, the second O, molecule is chemisorbed. This significantly improves the ability
of the crystal plane to store oxygen. However, the undoped planes adsorb H,O molecules and
undergo hydroxylation under the synthesis and processing conditions. The ability to adsorb
0, molecules is poor. The doping of Co?* increases the electrical conductivity of the crystal
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plane and the electrical sensitivity of adsorbed O, molecules, which is beneficial to the further
improvement of the catalytic activity of the system. Fourier transform infrared spectroscopy
(FTIR), and electrochemical impedance spectroscopy (EIS) techniques were used to confirm
these results. The results indicate that the adsorption capacity of O, present on the TiO, (001)
crystal plane can be changed by Co?* doping to improve the catalytic activity of the crystal
plane.
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1. Introduction

In recent years, gas sensors have attracted immense attention as they are safe and can be used
to address several environmental issues [1, 2]. The adsorption properties of gas molecules present
on crystal planes are being increasingly studied in recent times [3-5]. Many metal-based
semiconductor oxides have been used to research gas-sensitive materials, such as SnO3, Zn0O, and
TiO,. TiO, has become a hot spot in the research of gas sensor materials in recent years as it is non-
toxic and is characterized by high activity and good chemical stability [6-15]. TiO; presents three
structures: anatase, rutile, and brookite. Anatase TiO; exhibits good catalytic activity, and hence
studies on anatase TiO; are being widely conducted.

The surface structure of nano TiO, has been reported. Theoretical and experimental studies
revealed that the (001) crystal plane of the anatase TiO; unit is characterized by high plane energy
[16, 17]. According to the first principle, the plane (001) contains a strong, active oxygen adsorption
site, which plays a great role in improving the adsorption performance of TiO, [18]. Wanbayor et al.
used the density functional theory (DFT) technique to study the adsorption strength of CO, Ha, N,
NHs, and CH4 on TiO; (001) and (101) planes [19]. It has been reported that the doping of metal
elements in TiO; as additives can help improve the gas adsorption performance of the systems.
Through first-principles calculation, Lin et al. doped precious metal on the plane of the TiO; crystal
to form oxygen vacancies, resulting in stable CH4 adsorption [20]. Abbasi et al. studied the
interaction between Au-supported TiO; nanoparticles and NO; using the DFT technique. The results
provide a platform for studying the gas sensing properties of TiO, nanomaterials [21].

The mechanism associated with the adsorption of TiO; clusters on planes has been previously
studied. F. Aguilera-Granja et al. studied the process of adsorption of stable TiO, clusters on
graphene, silver, and gold using the DFT technique [22]. D.V. Potapenko et al. reported the atomic
resolution of TiO; nanocrystals adsorbed under conditions of photoreaction [23]. It has also been
reported that the presence of metal clusters can improve the adsorption capacity of TiO; [24-26].
We studied the effect of metal ion doping on the electrical properties of TiO, (001) crystal planes by
comparing the adsorption behavior of gas molecules on undoped TiO> and Co?* ion-doped TiO, (001)
crystal planes.

Herein, the molecular adsorption behaviors of TiO, (001) and TiO,-Co (001) crystal planes are
reported. The characteristic adsorption species of the TiO, (001) crystal plane and TiO;-Co (001)
crystal plane are determined using the DFT technique, and the molecular adsorption behavior of
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the crystal plane is investigated under different environments using the electrochemical impedance
spectroscopy technique. The results reveal that the process of Co?* ion doping changes the electrical
properties of the TiO; (001) crystal plane and improves the ability of the crystal plane to adsorb O,.
This provides a theoretical basis for the study of TiO; in the field of catalysis. The results can
potentially help in the development of gas-sensitive materials.

2. Experimental
2.1 Preparation of the (001) Plane Exposed TiO; Sample

The anatase TiO2 (001) plane is prepared following the hydrothermal synthesis method [27].
Tetrabutyl titanate (25 mL) is placed in a Teflon-lined autoclave with a capacity of 100 mL. Following
this, 3 mL of hydrofluoric acid is dripped into the system under conditions of magnetic agitation.
The mixture is stirred for half an hour, sealed in the autoclave, and heated in a drying oven at 180 °C
for 24 h. following the completion of the hydrothermal reaction, the sample is removed from the
autoclave and cooled down to room temperature(25°C). The precipitates are washed with
anhydrous ethanol, NaOH solution (0.1 M), and deionized water several times and collected
following the process of centrifugation. The product is dried in a drying oven at 60 °C over a period
of >12 h. The product is ground and calcined in a muffle furnace at 500 °C for 2 h. Finally, white
anatase TiO, (001) is obtained in the powdered form.

2.2 Co?* Doping on the Surface of TiO;

The methods of synthesis of Co?*-doped TiO; and undoped TiO; are the same before the
hydrothermal reaction. White TiO, (powder) is added to a solution of Co(NOs3),-6H,0 (10 mL, 107°
mol/L), and the solution is centrifuged under conditions of vigorous stirring for 3 min. Following this,
the product is washed and filtered with deionized water. The obtained samples are put into a drying
oven at 60 °C for 6 h, and TiO, powder doped with Co?* is obtained post grinding.

2.3 Measurements

An X-ray diffractometer (XRD; Japanese Rigaku Mini Flex 600) is used to characterize the crystal
structure of the samples (Cu Ka, A = 1.5418 A). The scan range spanned the region from 20° to 80°,
and the scanning speed was 20°/min. The surface structure of the sample is observed using a
scanning electron microscope (SEM) [28]. Elemental distributions are observed using an energy-
dispersive spectrometer (EDS, BRUKR QUANTAX 200). The molecular structure and chemical
composition of the samples are analyzed using the Fourier transform infrared spectroscopy (FTIR)
technique using potassium bromide as the substrate.

2.4 Electrochemical Impedance Spectroscopy (EIS)

An electrochemical workstation (CS2350) is used to perform AC impedance spectroscopy tests
on samples under conditions of different atmospheres. The sample is evenly spread across the gap
between the fingered electrodes, which are connected to the electrodes and placed in the test
chamber. The single test time is 20 min, and the test range is 100 K to 0.1 Hz. The double electrode
method is used to conduct the experiment. The working electrode and the counter electrode are
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fixed at both ends of the fork finger electrode to form a loop. The equivalent circuits of undoped
TiO2 and TiO;-Co samples are shown in Figure 1 (a) and Figure 1 (b), respectively. Rs, CPE, and Rp,
are equivalent series resistance, double-layer resistance, and charge transfer resistance,
respectively. C in Figure 1 (a) denotes capacitance. In Figure 1 (b), Ws is the Warburg impedance.

Rs CPE
— ") Rs CPE
N\
Rp 77
D_ Rp Ws
g
] 1
LI
(a) (b)

Figure 1 (a) Equivalent circuit diagram of undoped TiOy; (b) Equivalent circuit diagram
of TiO—Co.

2.5 Theoretical Simulation and Calculation Methods

Flake-like TiO2 material is synthesized, and the structures are observed using the SEM technique.
The micro and the bare crystals belong to the TiO, (001) crystal plane. Therefore, the TiO, (001)
superlattice crystal plane is constructed, and a theoretical simulation study is carried out.

The Cambridge Serial Total Energy Package (CASTEP) module in Materials Studio (MS) is used for
DFT calculations [29]. The OTFG ultra-soft pseudopotential is used to describe the electron-ion
interaction. The process of electron exchange-correlation can be described using the Generalized
Gradient Approximation (GGA) [30] and Perdew—Burke—Ernzerhof (PBE) methods [31]. The electron
wave function is extended by the plane wave basis vector group. During all simulations, the cutoff
energy is set to 800 eV. Under these conditions, total energy convergence can be achieved. The
smaller k-point grid size determined by the k-point convergence test is 3x3 x 1, and the
convergence values of energy and force are approximately 0.05 eV/A and 5.0 x 1076 eV/atom. The
supercell model corresponding to the TiO; (001) plane is established with 48 atoms, which includes
32 O atoms and 16 Ti atoms. The lateral views of Figure 2 and Figure 3 reveal that the top three
layers are not fixed, while the bottom nine layers are fixed. The crystal plane of TiO, formed before
hydroxylation consists of twelve layers of atoms, and the hydroxyl groups formed after
hydroxylation and the adsorbed molecule are set free. Table 1 presents the changes in the bond
length attributable to the restructuring of the crystal planes.
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Figure 2 (a-d) Side and top views of the stable structure of the OH-TiO, (001) crystal
plane before (a) and after the absorption of Oz (b), N2 (c), and H,O (d), respectively. Here,
the gray, red, white, and dark blue balls represent Ti, O, H, and N atoms, respectively.

Figure 3 (a-d) Side and top views of the stable structure of the TiO,-Co (001) crystal plane
before (a) and after the absorption of O, (b), N2 (c), and H,O (d), respectively. Here, the
gray, red, white, blue, and dark blue balls represent Ti, O, H, Co, and N atoms,
respectively.
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Table 1 Changes in the bond length attributable to the changes in the crystal plane

structure.
Models Parallel crystal plane direction  Vertical bond length/A
bond length/A
Bulk Plane Changes Bulk Plane Changes
OH-TiO; Ti-OH / 1.760 / / 1.760 /
(001) 1.904 1.904
Ti-O 1.930 1.751 -0.179 1973 1985 0.012
1.753 -0.177 1.990 0.017
1.755 -0.175 2.001 0.028
1.760 -0.170 2.003 0.030
1.834 -0.096 2.028 0.055
2.424 0.312 2.034 0.061
2.068 0.095
2.085 0.112
TiO,-Co (001) Co-O0 / 1.773 / / 1.786 /
1.880
Ti-02  / 1.828 / / 1.828 /
Ti-O 1.930 1.769 -1.161 1973 1907 -0.066
1.778 -0.152 1.914 -0.059
1.927 -0.003 1.976 0.003
1.962 0.032 1.979 0.006
1.965 0.035 2.088 0.115
2.142 0.212

The results of structural optimization reveal that the crystal plane of TiO, (001) is characterized
by high surface energy. Under these conditions, H,O molecules are captured and dissociated in the
synthesis environment to form hydroxylated planes, labeled OH-TiO; (001). Figure 2 (a-d) presents
the side and top views of the stable structure of the OH-TiO, (001) crystal plane before (a) and after
the absorption of Oz (b), N2 (c), and H,O (d), respectively. Here, the gray, red, white, and dark blue
balls represent the Ti, O, H, and N atoms, respectively. The OH-TiO, (001) crystal plane is derived
from the crystal plane TiO; (001) after the adsorption of the H,O molecules and hydroxylation.
Following the adsorption of the H,O molecules on the TiO; (001) crystal plane, the OH-TiO, (001)
crystal plane is obtained following the process of structural optimization. Hence, the atomic
composition of the OH-TiO; (001) supercell can be expressed as HaTi1603s.

Following the process of structural optimization, an O vacancy was formed on the crystal plane
of Co?* doped TiO; (001). Under these conditions, an O, molecule is chemically adsorbed near the
O vacancy. The heat-treatment environment of the sample makes the process of adsorption of the
02 molecule stable, and this stable structure is labeled TiO,-Co (001). Table 2 shows the influence of
the adsorbent molecules on the nearest Ti atom distance between the O, molecule and the crystal
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plane at the inherent oxygen defect of the TiO,-Co crystal plane. Figure 3 (a-d) shows the side and
top views of the stable structure of the TiO;-Co (001) crystal plane before (a) and after the
absorption of Oz (b), N2 (c), and H,0 (d) molecules, respectively. Here, the gray, red, white, blue,
and dark blue balls represent the Ti, O, H, Co, and N atoms, respectively. A comparison of Figure 3(a)
and Figure 3(b)-(d) reveals that the planar atoms of the crystal are reconstructed following the
process of structural optimization. Analysis of Figure 3 (a, b) reveals that the atoms on the surface
of the crystal plane are characterized by an overall translation which indicates that high energy is
required to realize the stable adsorption of the O, molecules. In the process of constructing the
crystal adsorption model, to prevent the interaction between layers, a vacuum of thickness 15 A is
set along the z-axis, which is used as the molecular adsorption calculation space. Following the
optimization of the structure, the positions of the atoms on the surface of the crystal plane change.
The arrangement observed under these conditions is different from the arrangement of the atoms
in the bulk material. In addition, it can be seen from Table 1 that the Ti-O bond length in the parallel
direction of the OH-TiO; crystal plane becomes significantly smaller, and the individual becomes
significantly large. However, the individual Ti-O bond lengths in the direction parallel to the TiO,-Co
crystal planes decrease significantly. As a whole, the lengths do not increase. This reveals that the
bond length changes significantly after the hydroxylation of the crystal plane, and the bond length
of the crystal plane changes significantly following the process of Co?* doping.

Table 2 Effect of the adsorbate molecules on the distance between the nearest Ti atoms
in the isomorphic plane of the chemisorbed O, molecule at the intrinsic oxygen defect
of the TiO,-Co crystal plane.

Models Adsorbed nearest Bond change
molecules facet atom length/A value/A

Before / Ti 1.828 /

molecular

adsorption

After molecular o)) Ti 1.950 0.122

adsorption N> Ti 1.809 -0.019
H,O Ti 1.918 0.090

The adsorption energy of different gas molecules on the crystal plane of undoped TiO; and TiO,—
Co (001) is calculated as follows:

Eaas = Esys — Egyr — Egas'

where Esys, Esur, and Egas are the total energy after adsorption, the surface energy before
adsorption, and the adsorbed gas molecular energy, respectively. Eads indicates the adsorption
energy, a negative value indicates the occurrence of an exothermic process, and a positive value
indicates the progress of an endothermic process. The larger the negative value, the stronger the
interaction.
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3. Results and Discussion

3.1 XRD and SEM Analysis

Analysis of the XRD patterns reveals the structure of the prepared anatase titanium dioxide
nanocrystals. The diffraction peaks appear at the (26) values of 25.32°, 37.04°, 37.82°, 38.58°, 48.07°,
53.82°, 55.08°, 62.80°, 68.83°, 70.23°, 75.14°, and 76.08° (Figure 4). These peaks can be attributed
tothe (101), (103), (004), (112), (200), (105), (211), (204), (116), (220), (215), and (301) crystal planes,
respectively. The results are consistent with those reported by the standard card (PDF#21-1272),
indicating that the product is anatase TiO>. As a result of doping, the diffraction peak corresponding
to TiO2 moves as a result of Co?* doping. This proves that Co?* successfully enters the crystal plane

lattice and forms a stable doped crystal plane.

—— OH-TiO,
TiO,-Co
e
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- )
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Figure 4 XRD patterns recorded for the undoped TiO, and Co?*-doped TiO, systems.

Scherrer's formula can be expressed as D = K\/BcosB. As the diffraction angle 6 decreases, the
particle size becomes decreases, indicating the shrinkage of the anatase TiO; nanosurface lattice.

The SEM and EDS profiles recorded for the anatase TiO; system doped with Co?* are shown in
Figure 5. The truncated octahedral anatase TiO, material, whose particle size is approximately in
the range of 30—-50 nm, exhibits a flake-like structure (Figure 5. (a)), and the exposed square surface
is a high-energy (001) plane. The shape is consistent with the shape reported previously [27].
However, the size reported by us does not agree with the previously reported size. The distribution
of the Co, O, and Ti elements is shown in Figure 5 (b), Figure 5 (c), and Figure 5 (d), respectively. EDS
results show that Co?* is successfully modified and evenly distributed.
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Figure 5 SEM images (a) and EDS (b-d) profiles recorded for TiO, doped with Co?*.
Subfigures (b), (c), and (d) correspond to the distribution of the Co, O, and Ti elements,
respectively.

3.2 FTIR Analysis

FTIR profiles recorded for OH-TiO; and TiO,-Co before and after treatment in air, Oz, and highly
humid atmospheres are shown in Figure 6. The infrared spectral profiles recorded for OH-TiO; and
TiO>—Co reveal the presence of a wide band between 400 and 750 cm™. The band is when several
bands attributed to various vibration modes of Ti-O and Ti-O-Ti in TiO; overlap [32]. Absorption
peaks at 669 cm™ and 914 cm™ are related to the adsorption of O, molecules. It can be seen that
the peak intensity of the peaks recorded in air, highly humid atmosphere, and oxygen atmosphere
gradually increases, and the order of peak intensity remains unchanged before and after doping.
The presence of the narrow peak at 1631 cm™ can be attributed to the vibration of the physically
adsorbed H,0 molecules (H-O-H and Ti-OH bonds) [33]. The profiles recorded for OH-TiO; and TiO»-
Co reveal the presence of absorption peaks at 3745 cm™. These peaks are attributed to the tensile
vibration of the surface hydroxyl group (-OH). As can be seen from the figure (Figure 6), the upward
peak near 3500 cm™ is related to the adsorption of the H,0 molecule, and the intensity of this peak
is inversely proportional to the adsorption amount of the H,O molecule. The order of adsorption
capacity of the H,O molecules (from low to high) in different atmospheres is oxygen, high humidity
air, and air. In addition, the peak intensity before and after doping follows the same order. The
adsorption capacity of the H,O molecule is opposite to that of the O, molecule, which indicates that
the adsorption of the two gas molecules (02 and H,0 molecule) on the crystal plane before and after
doping proceeds through the same active site. However, for the crystal plane of TiO,-Co, this result
is contrary to the calculated result. Although the calculated result reveals that the crystal plane of
TiO,—Co contains various active sites, competitive adsorption is observed for the two gas molecules
as the distance between the two active sites is short. Therefore, the results are the same as those
obtained by studying the TiO crystal planes containing a similar active site. The different ionic
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charges of the Ti and Co?* ions result in the replacement of the Ti** by Co?* units, resulting in the
generation of oxygen vacancies that balances charge neutrality. In the TiO; lattice, Ti** is replaced
to form a Co-O bond. Thus, the FTIR spectrum can be used as a tool to understand the formation of
Co-0 bonds in the TiO; lattice and the formation of oxygen defects during the substitution of lattice
Ti** by Co?* species [34].
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Figure 6 FTIR profiles recorded for undoped TiO, and Co?*-doped TiO before and after
being placed in air, oxygen, and highly humid environments.

3.3 Result and Discussion
3.3.1 Analysis of CAS and Adsorption Energy

The density of states at the Fermi level correlates positively with the conductivity of the crystal
plane. Hence, the change in conductivity is reflected by the density of states at the Fermi level. Table
3 shows the adsorption energies, and Fermi-level density of states of different gas molecules
adsorbed on the OH-TiO, and TiO»-Co (001) crystal planes. Table 4 shows the nearest atomic spacing
parameters corresponding to the crystal plane when OH-TiO; and TiO,-Co (001) are adsorbed by
different gas molecules. It can be seen from the calculation results (Table 3) that H,O molecules are
strongly chemisorbed and adsorbed by hydrogen bonds. Therefore, the H,O molecule is identified
as the characteristic adsorption species. The theoretically synthesized OH-TiO; (001) crystal plane
not only contains hydroxyl groups but also exhibits the ability to chemisorb H,O molecules. This
indicates that the crystal plane is only sensitive to the adsorption and desorption reactions of H,O
molecules. Due to the adsorption of O, molecules, the Fermi-level density of states of the crystal
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plane increases from 3.57 electrons/eV to 5.04 electrons/eV, indicating that the spontaneous
adsorption of 02 molecules would result in an increase in the conductivity of the crystal plane. The
conductivity of the other two molecules is not significantly reduced under these conditions.

Table 3 Adsorption energies and Fermi-level density of states for the adsorption of
different gas molecules on the OH-TiO; and TiO,-Co (001) crystal planes.

OH-TiO; (001) DOS of Fermi Adsorption energy Adsorption type
(electrons/eV) (electrons/eV)

/ 3.57 / /

N> 3.59 -0.049 physics

0, 5.04 -0.064 physics

H,O 3.50 -1.278 chemistry hydrogen bond

TiO,-Co (001)

/ 5.85 / /

N2 12.00 1.430 physics

0, 11.40 -1.392 chemistry

H,0 13.00 -5.334 Chemical hydrogen bond

Table 4 Nearest atomic distance between the crystal planes of OH-TiO; and TiO,-Co (001)
and adsorbed molecules.

Models Adsorbed nearest facet atom Distance/A
molecules
OH-TiO, (001) 0; Ti 3.145
N2 Ti 3.477
H,O Ti 2.190
TiO,-Co (001) 0; Ti 2.028
\P) o] 3.185
H,O o] 2.304

During the chemical synthesis process, O molecules in the air are captured by defect sites. Hence,
0, molecules are identified as the characteristic adsorption species of the Co?*-doped TiO, (001)
crystal plane. It can be seen from Table 3 that the adsorption of all three molecules results in an
increase in the crystal conductivity of TiO,-Co (001). The adsorption energy of N, is 1.430
electron/eV (see Table 3), which indicates that the N, molecules cannot be re-adsorbed following
desorption. The adsorption energy of the O, and H,0O molecules on the crystal plane are —1.392
electron/eV and —5.334 electron/eV, respectively (Table 3). The results reflect chemical adsorption.

3.3.2 Electron Density Difference (EDD)

Figure 7 (a, b) and Figure 7 (c, d) present the side view (top) and top view (bottom) of the
molecular adsorption system (EDD; Isovalue = 0.1) before and after Co?* doping on the TiO, (001)
plane. The adsorption molecules presented in (a, c) and (b, d) are O, and H,0 molecules, respectively.
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Yellow and blue indicate electron outflow and inflow, respectively. It can be seen from Figure 7 that
the O, molecule is physically adsorbed on the hydroxylated TiO, (001) crystal plane, the O, molecule
is chemisorbed when TiO, (001) crystal plane is doped with Co?*, and the H,O molecule is
chemisorbed before and after doping. This is consistent with the results obtained for the OH-TiO;
(001) crystal plane-based chemisorption of H,O molecule (Table 3) and the results obtained for the
Co?*-doped crystal plane-based chemisorption for O, and H,0 molecules (Table 3).

(@) (b) (©) (d)

Figure 7 Lateral (top) and top view (bottom) of EDD (Isovalue = 0.1) of molecular
adsorption system before (a, b) and after (c, d) doping the TiO, (001) crystal plane with
Co?*. The adsorption molecules of (a, c) and (b, d) are O, and H,0 molecules, respectively.
Yellow and blue indicate electron outflow and inflow, respectively.

3.3.3 EIS Analysis

Figure 8 presents the EIS profiles presenting the adsorption stability of OH-TiO, and TiO2-Co in
air. The introduction of Co?* ions significantly increases the conductivity of the crystal plane. The
simulation results reveal that the Fermi level density of states of the Co?*-doped TiO; crystal plane
increases from 3.57 electrons/eV to 5.85 electrons/eV. Figure 8 (a) and Figure 8 (b) are equivalent
fitting circuit diagrams corresponding to OH-TiO; and TiO-Co, respectively. Figure 8 (b) reveals that
the equivalent circuit is divided into Rp and Warburg impedance. Rp plays a major role under
conditions of high frequency, and the current is controlled by dynamic processes. Warburg
impedance plays a major role in low-frequency regions and is related to the diffusion mechanism.
It has been reported that the Warburg impedance of crystals is potentially related to the
contribution of oxygen vacancies on the crystal plane at low frequencies [35, 36]. According to the
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structure optimization model of TiO,-Co, Co?* ion doping results in the formation of oxygen
vacancies on the crystal plane. This is consistent with experimental results.

x1004 " OH-TiO, LT
e TiO,-Co n n
. [ ]
[ ] ]
9x10® - . - oE
I
] Rp
c —
“E " c
N 6x10% - - ]
] (a)
- Rs CPE
[ ]
3x10° m Rp Ws
| ]
| ]
V‘ o)
0 1 1 1 1 1
0 6x108 1x10° 2x10° 2x10° 3x10°
Zp(Q)

Figure 8 EIS profiles recorded for OH-TiO, and TiO,-Co in air. Equivalent fitting circuits
corresponding to OH-TiO; (a) and TiOz-Co (b).

Figure 9 presents the EIS profiles recorded for OH-TiO, following the process of vacuum
treatment in N, Oz, and H,O atmospheres conducted for 120, 100, and 120 min, respectively. The
experimental results show that the adsorption of the three gases results in an increase in the
conductivity of the crystal plane. Experimental and theoretical simulation results reveal that the
adsorption of N2, Oz, and H,0 causes the Fermi level state density of the OH-TiO; (001) crystal plane
to change from 3.57 electron/eV to 3.59 electron/eV, 5.04 electron/eV, and 3.50 electron/eV. The
change in the crystal plane conductivity is not obvious as the adsorption of N, and H,O molecules is
observed. Under these conditions, the adsorption of O, increases the crystal plane conductivity
significantly, which is consistent with the experimental results.
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Figure 9 EIS profiles recorded for OH-TiO; (001) in air, N2, O, and highly humid
conditions (all points present the experimental data, and the lines present the fitting
data).

Figure 10 presents the changes in the Rp curve. The data were fitted from the EIS curve of OH-
TiO, (001)-based adsorption in air, Nz, Oz, and highly humid air. According to the theoretical
simulation results, single-molecule H,0 is adsorbed on the crystal plane, and the process exerts little
effect on the conductivity of the TiO, (001) crystal plane. However, the continuously adsorbed H,O
molecules are hydrogen-bonded to form H,O molecular aggregates, which are naturally adsorbed
on the synthetic TiO, (001) crystal plane resulting in the generation of electrical conductivity [37].
As the adsorption of N2 molecules has little contribution to the conductivity (Table 3), in the N3
environment, the random movement and collision of N> molecules reduce the extent of formation
of H,0 molecular aggregates in the crystal plane. Under these conditions, the conductivity of the
crystal plane decreases. The amount of H,O molecular aggregates is significantly reduced when they
are exposed to the vacuum state for 12 h. This results in a further decrease in the crystal plane
conductivity. The conductivity is significantly improved in the O, molecular environment, which is
consistent with the fact that the Fermi level density of states increases from 3.57 electrons/eV to
5.04 electrons/eV (Table 3).
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Figure 10 Changes in the Rp curve are fitted by the EIS curve of the OH-TiO; (001)
adsorption process in air, N2, Oz, and high humidity air.

The simultaneous existence of N, and O, molecules in high humidity air results in a rapid increase
in the conductivity of the crystal, and the Fermi level density of states increases from 3.57
electrons/eV to 5.04 electrons/eV. Due to the random movement of N, and O, molecules, they
collide with the condensing H,O molecular aggregates, resulting in the gradual adsorption of the
condensing H,0 molecules. The process continues until stability is attained. The density of states of
the Fermi level decreases from 5.04 electrons/eV to 3.50 electrons/eV. Therefore, from the
calculation results and EIS results, it can be seen that the H,O molecular aggregates have a
significant effect on the increase in the crystal plane conductivity. The contribution is much larger
than the contribution of the process of adsorption of O, molecules. A significant effect is observed
on the crystal plane conductivity.

Figure 11 (i) and Figure 11 (ii) present the EIS profiles of the TiO,-Co crystal recorded in air and
high humidity air, respectively. All points represent the experimental data, and the lines represent
the fitting data. Under conditions of the air test environment (Figure 11 (i)), the crystal conductivity
increases with the adsorption of gas. The Fermi level densities of the N3, O, and H,0 states increase
from 5.85 electrons/eV to 12.00 electrons/eV, 11.40 electrons/eV, and 13.00 electrons/eV,
respectively. The doping of Co?* ions results in the formation of natural O defects on the TiO,-Co
crystal plane. Hence, there are three crystal plane modes of the TiO,-Co crystal in the vacuum state,
namely, the TiO,-Co crystal plane O vacancy mode, the H,0-TiO,-Co mode, and the 0,-TiO;-Co mode.
As shown in Figure 11 (ii), the 120 min-long treatment process conducted in a vacuum results in a
significant reduction in the H,0 molecular aggregates on the crystal plane. Under these conditions,
the electrical conductivity decreases significantly. Hence, even in a highly humid environment, the
electrical conductivity on the TiO,-Co crystal plane cannot recover to the value recorded in the air.
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Figure 11 EIS profiles recorded for TiO,-Co (001) before and after adsorption in air and
highly humid conditions. (a)(c) present the Ws values of the fitting curve, (b)(d) present
the Rp values of the fitting curve. (All points represent experimental data, and the lines
represent fitting data).

Figure 12 (i) and Figure 12 (ii) present the EIS profiles corresponding to the adsorption—
desorption process of N; and O, molecules on the TiO,-Co (001) crystal plane. For the process of N»
gas adsorption, it can be seen from Figure 12 (i) that N, adsorption increases the conductivity of the
crystal plane, and the simulation results show that N, adsorption increases the Fermi level state
density from 5.85 electrons/eV to 12.00 electrons/eV. However, the process of endothermic
adsorption of N, molecules hinders the progress of the process at room temperature(25°C). The
direct adsorption of N, molecules does not contribute significantly to the electrical conductivity of
the crystal plane. The movement of N, molecules results in the desorption of the H,O molecular
aggregates on the crystal plane, resulting in changes in the conductivity of the crystal plane. It can
be seen that the conductivity of the crystal plane decreases significantly before and after N;
treatment. In addition, the EIS fitting data (Figure 12 (ii)) reveals that the adsorption of O, molecules
cannot be predicted by the calculation results (Table 3). This indicates that the O, molecules cannot
be stably adsorbed on the crystal planes. A comparison of Figure 3 (a) and Figure 3 (b) reveals that
the stable adsorption of O; requires a large amount of energy to reform the crystal planes. This is
difficult to achieve spontaneously at room temperature(25°C). Therefore, the adsorption—
desorption behavior of O, molecules is consistent with that of the N, molecules.
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Figure 12 EIS profiles recorded for TiO,-Co (001) before and after the adsorption in N»
and O, environments. (a)(c) present the Ws value of the fitting curve, and (b)(d) present
the Rp value of the fitting curve. (All points represent experimental data, and the lines
represent the fitting data).

4. Conclusions

The adsorption behavior of O, N2, and H,0 molecules on TiO; (001) and TiO2-Co (001) crystal
planes in air is simulated using the DFT technique. The results show that H,O molecules are captured
and dissociated on TiO; (001) to form hydroxylated crystal structures, which further adsorb H,O
molecules through hydrogen bonds to form characteristic adsorbed species. The doping of Co?* ions
results in the formation of oxygen vacancies on the TiO; (001) crystal planes. The O, molecules are
chemically adsorbed on the TiO,-Co (001) crystal plane. When adequate amounts of O3 is present,
02 molecules continue to get chemically adsorbed on the crystal plane. Among the three molecules,
the 02 molecule increased the conductivity of OH-TiO,, while all the three gas molecules increased
the conductivity of the crystal plane doped with Co?*. The presence of H,O molecular aggregates
increases the conductivity of two crystal planes. The optimization results of the structural model of
molecular adsorption reveal that the three molecules exhibit competitive adsorption properties on
the OH-TiO; (001) crystal plane. Adsorption competition is not observed between the O, and H,0
molecules on the TiO,-Co (001) crystal plane. However, the process of adsorption is potentially
affected as the adsorption sites for the two molecules are situated in close proximity. These results
are confirmed using the FTIR and EIS techniques. This indicates that Co?* doping can change the
electrical properties of the TiO; (001) crystal plane and improve the adsorption capacity of O,. The
results reveal the influence of the process of natural molecular adsorption on the surface
conductivity and adsorption properties of synthetic crystals. The results reported herein can
potentially help in the development of catalysts and gas-sensitive materials.
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