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ABSTRACT: Formaldehyde (HCHO), as the main indoor air
pollutant, is highly needed to be removed by adsorption or catalytic
oxidation from the indoor air. Herein, the F~, OH™, and Cl™-modified
anatase TiO, nanosheets (TNS) with exposed {001} facets were
prepared by a simple hydrothermal and post-treatment method, and
their HCHO adsorption performance and mechanism were investigated
by the experimental analysis and theoretical simulations. Our results
indicated that the adsorbed F~, OH™, and CI™ ions all could weaken the
interaction between the HCHO and TNS surface, leading to the serious
reduction of HCHO adsorption performance of TNS. However,
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different from F~ and CI™ ions, OH™ ion could induce the dissociative

adsorption of HCHO by capturing one H atom from HCHO, resulting in the formation of one formyl group and one H,O-like
group. This greatly reduced the total energy of the HCHO adsorption system. Thus, the adsorbed OH™ ions could provide the
additional active centers for HCHO adsorption. As a result, the NaOH-treated TNS showed the best HCHO adsorption
performance mainly because its surface F~ was replaced by OH™. This study will provide new insight into the design and
fabrication of high performance adsorbents for removing indoor HCHO and, also, will enhance the understanding of the HCHO

adsorption mechanism.
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1. INTRODUCTION

Formaldehyde (HCHO), a colorless and pungent-smelling gas,
is considered as the main indoor air pollutant in modern
houses, mainly released from building materials and spray-
painted furniture." It is well-known that HCHO can easily
combine with proteins, which increases the risks of asthma,
allergy, nausea, edema, dyspnea, and other symptoms. There-
fore, it is quite necessary to develop sensitive and practical
materials for removing HCHO from air, which has attracted
enormous attentions from both academic and industrial
communities. As a result, a lot of materials, such as TiOZ,z_6
$i0,, "~ Ni(OH);® $n0,,'’ Fe,0,,>° Zn0O,> WO,,* Ru0,,’
V,04,° and corresponding composites, have been investigated
on addressing the HCHO concern. Among them, TiO, is
considered as the suitable material for the adsorption,
detection, and decomposition of HCHO, owing to its chemical
stability, biocompatibility, rich source, long lifetime, and low
cost."' ™7 Tt is worth noting that the reconstruction of the TiO,
surface induced by the HCHO adsorption is the foundation of
HCHO detection.'® In addition, the HCHO adsorption on the
TiO, surface is the first step of HCHO decomposition.'?
Hence, the HCHO adsorption performance of TiO, indirectly
determines the detection and decomposition of HCHO. Thus
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it is highly desirable to clarify the adsorption mechanism of
HCHO and further improve the HCHO adsorption perform-
ance of TiO,. The related theory calculations revealed that
compared to the thermodynamically stable anatase {101}
surface and rutile {110} of TiO,, the anatase {001} surface of
TiO, exhibited the higher activity for HCHO adsorption due to
its unusual surface structure and chemistry.*~>' Consequently,
the {001} surface of anatase TiO, has the potential application
for developing the high-performance HCHO adsorbent.
Fortunately, the anatase TiO, nanosheets (TNS) with exposed
{001} facets and large specific surface area have been
successfully synthesized and applied to the environmental
protection.”””** Therefore, TNS can be used as the ideal
materials for HCHO adsorption. However, during usual
synthesis and treatments of TNS, some prevalent ions, such
as F~, OH7, and CI, tend to be adsorbed on the TNS surface,
which has been verified by many investigations.>***~3>
Therefore, the most obtained TNS surfaces are polluted by
these ions. As a result, the surface chemistry environment of
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TNS will be changed by those introduced foreign ions, leading
to the variation of HCHO adsorption performance of TNS.
Furthermore, another possibility can not be neglected that the
adsorbed ions can directly combine with HCHO, regardless of
the TNS surface status. Thus, the HCHO adsorption on the F~,
OH", and Cl -adsorbed TNS surface needs to be investigated,
which is beneficial to clearly understand the favorable/
unfavorable factors for HCHO adsorption and further improve
the HCHO adsorption performance of TNS. But to the best of
our knowledge, such an issue remains unexplored yet.

Herein, the HCHO adsorption on the F~, OH™, and CI"-
adsorbed TNS surface is investigated by experimental and
theoretical methods, for the first time. It is found that the
NaOH-treated TNS exhibits the best HCHO adsorption
performance. Such experimental results are explained and
correlated in line with the theoretical simulations regarding the
geometry structures, electron density difference plots (EDDP),
and adsorption energies (E,y) of the various HCHO
adsorption models. This study will provide some new insight
into optimizing TiO, for HCHO adsorption.

2. EXPERIMENTAL AND COMPUTATIONAL SECTION

2.1. Preparation. The anatase TiO, nanosheets were
synthesized by a hydrothermal method using tetrabutyl titanate
and HF solution as precursors.”>*’ Briefly, 3 mL of 40 wt % HF
solution was added into 25 mL of tetrabutyl titanate liquid
dropwise under magnetic stirring for 30 min. Then, the
obtained mixture was transferred into a 50 mL Teflon-lined
autoclave and kept at 180 °C for 24 h. After reaction, the
Teflon-lined autoclave was naturally cooled to room temper-
ature, the white precipitates were collected by centrifuging and
then washed with distilled water and ethanol for five times,
respectively. Finally, the washed precipitates were dried in an
oven at 70 °C for 12 h. The obtained products were labeled as
HE-TNS. Afterward, 2 g of HF-TNS was dispersed in the 150
mL of 1 mol L™' NaOH solution under 30-min magnetic
stirring. Then, the precipitates were collected again and washed
with distilled water five times. Similarly, the precipitates were
dried in an oven at 70 °C for 12 h. The obtained products were
notated as NaOH-TNS. Moreover, 1 g of NaOH-TNS was
added into S0 mL of 1 mol L™ HCI solution. The above
washing and drying processes were repeated. The obtained
products were represented as HCI-TNS.

2.2. Characterization. The X-ray diffraction (XRD)
patterns, obtained on an X-ray diffractometer (Rigaku, Japan)
using Cu Ka radiation at a scan rate of 0.05° 20 s™1, were used
to characterize the crystalline phase of the samples. The
accelerating voltage and applied current were 40 kV and 80 mA,
respectively. Transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HRTEM)
analysis were conducted by a JEM-2100F electron microscope
(JEOL, Japan) with a 200 kV accelerating voltage. The
morphology of samples was obtained from an S-4800 field
emission scanning electron microscopy (FESEM) (Hitachi,
Japan) at an acceleration voltage of 20 kV. The Brunauer—
Emmett—Teller (BET) specific surface area (Sppr) of the
samples was analyzed in a nitrogen adsorption apparatus
(Micromeritics ASAP 2020, USA). Before nitrogen adsorption
measurements, all the as-prepared samples were degassed at
180 °C. The BET surface area was determined by a multipoint
BET method using adsorption data in the relative pressure (P/
P,) range of 0.05—0.3. The pore-size distributions were
determined by the nitrogen adsorption volume via the
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Barret—Joyner—Halender (BJH) method assuming a cylindrical
pore model. The nitrogen adsorption volume at a relative
pressure (P/P,) of 0.972 was used to calculate the pore volume
and the average pore size. X-ray photoelectron spectroscopy
(XPS) measurements were done in a VG ESCALAB 210
electron spectrometer with Mg Ka (1253.6 eV) source and a
multichannel detector. All the binding energies were referenced
to the C s peaks at 284.8 eV from adventitious carbon.

2.3. HCHO Adsorption Test. The HCHO adsorption
performance of HF-TNS, NaOH-TNS, and HCI-TNS was
measured in an organic glass box equipped with a 5-W fan
under room temperature (25 °C). A 0.3 g portion of the
adsorbent was coated on the bottom of a glass Petri dish with a
diameter of 14 cm. Then the sample-coated dish was covered
by a piece of glass slide and placed in the bottom of the reactor.
Afterward, 10 uL of condensed HCHO (38%) was injected into
the reactor. After 2—3 h, the HCHO solution was completely
volatilized and the concentration of HCHO became stabilized.
Concentrations of gaseous HCHO were online analyzed by
using a Photoacoustic IR Multigas Monitor (INNOVA air Tech
Instruments Model 1412). The HCHO vapor was allowed to
reach an adsorption/desorption equilibrium within the reactor
prior to the experiments. The initial concentration of HCHO in
equilibrium was controlled at about 167 ppm, which remained
constant until the glass-slide cover on the Petri dish was
removed to trigger HCHO adsorption. The decreased
concentrations of HCHO were used to evaluate the HCHO
adsorption performance of the samples.

2.4, Computational Details. As an effective method to
study the molecular adsorption on the surface of solid oxide,
the density-functional-theory (DFT) calculation was used to
analyze the HCHO adsorption on TNS surface. All DFT
calculations were performed by the CASTEP package based on
the plane-wave-pseudopotential approach.*® Considering the
relatively small atomic numbers of elements in the current
system, the Perdew—Burke—Ernzerhof (PBE) of the general-
ized gradient approximation (GGA) was used as the exchange-
correlation function.’*** The interaction between valence
electrons and the ionic core was described by the ultrasoft
pseudopotential. Before building the model of TNS surface, the
unit cell of anatase TiO, was optimized using the cutoff energy
of 400 eV and the Monkhorst—Pack k-point mesh of 4 X 4 X
4.3 The obtained structure parameters are a = 3.807 A and ¢ =
9.667 A, which is very consistent with the previous
experimental and theoretical investigations.®” ~*’ This indicated
the reliability of current calculations. Considering that the TNS
is mainly with exposed {001} facets, four repeating {001}
trilayer (O—Ti—O) units were used to simulate the TNS
surface. The interaction between adjacent atom slabs was
eliminated by the vacuum slab with thickness of 15 A.

To eliminate the interaction between adjacent HCHO
molecules, the 2 X 2 supercell (0.25 ML) was introduced to
simulate the HCHO adsorption system, which was proved to
be successful in characterizing the current adsorption system
according to the previous investigation.'” The cutoff energy of
400 eV and the Monkhorst—Pack k-point mesh of 4 X 4 X 1
were adopted to conduct the geometry optimization calcu-
lations. The tolerances of energy, force, stress, and displace-
ment in the optimized calculation were 2.0 X 107> eV per atom,
0.05 eV A%, 0.1 GPa, and 0.002 A, respectively. During the
optimized calculation, the positions of all atoms were optimized
except for those in the bottom trilayer of the atom slab.
Moreover, the more trilayer units, the thicker the vacuum slab,
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the higher the cutoff energy, the larger the supercell, and the
wider the Monkhorst—Pack k-point mesh, respectively. The
obtained results suggested that the variations were smaller than
0.001 A in displacement and 0.002 €V in energy, indicating high
accuracy of present calculations. The optimized model of TNS
surface was shown in Figure S1 of the Supporting Information
(SD). It can be clearly seen that the O, atoms are exposed in
the outermost layer and the Tisc atoms constitute the second
atomic layer. Simultaneously, a surface energy (Eg) of 1.04 eV
was obtained, which was calculated by the following formula:*'

Eg = (Eslab - Ebulk)/ 2A

where Eg,;, is the total energy of 2 X 2 supercell (containing 16
Ti atoms and 32 O atoms) of the TNS surface, E,  is the total
energy of the 2 X 2 X 1 supercell (also containing 16 Ti atoms
and 32 O atoms) of bulk TiO,, and 24 is the contacting area
between the atomic slab and vacuum slab. The result is similar
to one recent report using the PBE of GGA,"® which
authenticated the reliability of current calculations. The
geometry optimization calculations of HCHO adsorption
systems follow the above parameter settings. After the
geometry optimization calculations, the EDDP and total
energies of simulated adsorption system were calculated.

3. RESULTS AND DISCUSSION

3.1. Phase Structure and Morphology. XRD patterns of
the as-prepared absorbents (HF-TNS, NaOH-TNS, and HCI-
TNS) are presented in Supporting Information Figure S2. It is
observed that all peaks are well indexed with the anatase TiO,
(JPCDS 21-1272). No other diffraction peaks are observed,
indicating high purity of the samples. The TEM image of the
HF-TNS (see Figure 1) displays the predominant existence of

Figure 1. TEM image of the HF-TNS sample.

nanosheet-shaped structures. On the basis of the calculation
method in the previous literature,®® the percentage of {001}
facets in the HF-TNS is estimated to be about 90% on average.
Similar to the HF-TNS, the NaOH-TNS and HCI-TNS
samples also exhibit pure anatase TiO, and the sheet-shaped
structures (see Supporting Information Figure S2 and S3).
Besides, the FESEM images of the HF-TNS, NaOH-TNS, and
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HCI-TNS samples are given in Supporting Information Figure
S4, which also verify the existence of sheet-shaped structures.
All the XRD patterns, TEM and FESEM images are consistent
with those reported results regarding anatase TNS with
exposed {001} facets.””*® Therefore, all the as-obtained
samples are anatase TNS with exposed {001} facets, as
schematically illustrated in the inset of Figure 1. It is also
suggested that the phase and microstructures of TNS remains
unchanged upon washing in either NaOH or HCI solutions.

Nitrogen adsorption—desorption isotherms and correspond-
ing pore-size distribution curves of the as-prepared absorbents
are shown in Supporting Information Figure SS. The isotherms
of the absorbents all have the obvious hysteresis loops at high
relative pressure between 0.8 and 1.0, which is defined as type
IV mesoporous solids according to the Brunauer—Deming—
Deming—Teller (BDDT) classification.** The pore sizes of as-
prepared absorbents share the same distribution ranging from 5
to 25 nm (see the inset of Figure SS5). Moreover, the shapes of
these hysteresis loops all agree with the type of H3, indicating
the existences of narrow slit-shaped pores associated with sheet-
like morphology. This is well consistent with the results of
TEM. It should be noted that the adsorption—desorption
isotherms of NaOH-TNS and HCI-TNS shift downward
slightly compared to that of HF-TNS, implying a slight
decrease of BET surface area. This is due to the fact that a small
percentage of pores are filled with the sediments during
washing with NaOH or HCI solutions. But the specific surface
areas and pore-size distributions of the HF-TNS, NaOH-TNS,
and HCI-TNS are still comparable.

3.2. XPS and Surface Analysis. Figure 2 shows the high-
resolution XPS spectra of the HF-TNS, NaOH-TNS, and HCI-
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Figure 2. High-resolution XPS spectra of Ti 2p (a), O 1s (b), F 1s (c),
and CI 2p (d) regions for the HF-TNS, NaOH-TNS, and HCI-TNS
samples.

TNS. It is shown in Figure 2a and b that the peaks of Ti 2p;,,
Ti 2py/y and O 1s in the HE-TNS and HCI-TNS occur at
459.1, 464.9, and 530.3 eV, respectively.zz’zs_28 However, the
peaks of Ti 2p; 5, Ti 2p, 5, and O 1s in the NaOH-TNS all shift
downward to 458.4, 464.2, and 529.7 eV, implying that the Ti
and O atoms in the NaOH-TNS possess more electrons than
those in the HF-TNS and HCI-TNS. In addition, a relatively
weak shoulder peak appears at 531.1 eV in the O 1s spectrum
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of the NaOH-TNS, assigned to the adsorbed OH™ ions
(hydroxyl groups).*” Such a peak is absent in the Ols spectra of
the HF-TNS and HCI-TNS, indicating that the hydroxyl
groups only exist on the NaOH-TNS surface. Furthermore, the
F 1s XPS spectra of HF-TNS, NaOH-TNS, and HCI-TNS all
exhibit the peak (684.6 eV) of surface fluoride (=Ti—F) (see
Figure 2c).”* In addition, the peak (688.5 eV) of lattice F atom
is not found, implying that all present F are the adsorbed F
atoms.>> However, the difference is that the intensities of F 1s
peaks in the XPS spectra of both NaOH-TNS and HCI-TNS
are obviously lower than that of HF-TNS. The peaks of Cl
2ps, (198.6 €V) and Cl 2p,,, (200.1 eV) only appear in the
XPS spectra of the HCI-TNS.***

To investigate the variation in the quantities of elements
during NaOH or HCI treatments, Table 1 summarizes the

Table 1. Atomic Ratios of Ti, O;, Oy, F, and Cl for the HF-
TNS, NaOH-TNS, and HCI-TNS Samples®

sample Ti O, Oy F Cl
HEF-TNS 1.00 229 0 0.37 0
NaOH-TNS 1.00 2.04 0.57 0.13 0
HCI-TNS 1.00 2.32 0 0.15 0.06

“Oy and Oy represent the O atoms in the lattice of TiO, and the
hydroxyl group, respectively.

atomic ratio of Ti, Oy, (the lattice O atom), Oy (the O atom in
hydroxyl groups), F, and Cl in the HF-TNS, NaOH-TNS, and
HCI-TNS. For the convenience of discussion, the atomic ratio
of Ti was assumed to be unity. It is suggested that a large
number of hydroxyl groups are adsorbed on the NaOH-TNS
surface. However, the atomic ratio of F decreases from 0.37 in
the HF-TNS to 0.13 in the NaOH-TNS, suggesting that NaOH
treatment promotes the substitution of the adsorbed F~ ions by
the OH™ ions from the NaOH solution. But the partial F~ still
adsorbs on the NaOH-TNS surface due to the strong
interaction between F~ ions and TNS surface. Besides, the
disappearance of hydroxyl groups in the HCI-TNS indicates
that HCl treatment can effectively eliminate the adsorbed
hydroxyl groups on TNS surface. But the atomic ratio of F in
HCI-TNS is approximately consistent with that in NaOH-TNS,
implying that the F~ ions are also not removed by the HCI
treatment. Simultaneously, Cl™ ions from HCI solution are
introduced onto the TNS surface. The obvious difference in
quantities between F and Cl are derived from the relatively
weaker interaction between CI” ion and TNS surface.

To further interpret the results of XPS measurements and
investigate the reconstructions of TNS surfaces induced by the
adsorbed F~, OH", and CI” ions, the geometry structure
models of F~, OH7, and Cl -adsorbed TNS surface are
calculated by the DFT theory. F~, OH™, and ClI~ ions are
deliberately introduced onto the surface of TNS with exposed
{001} facets, and the corresponding F~-, OH -, and CI™-
adsorbed {001} surfaces are simulated. The partial optimized
structures and corresponding EDDP are shown in Figure 3. It
can be clearly seen that the F~ (see Figure 3bl), OH™ (see
Figure 3cl), and Cl~ (see Figure 3dl) ions all tend to be
bonded to the Tisc atoms in the TNS surface. Meanwhile, the
corresponding Tisc atoms tend to move outward. But the
newly formed Tisc—F (1.79 A) and Tisc—Oy (1.83 A) bonds
are more stable than the newly formed Ti;c—Cl (2.32 A)
bond, due to the larger electronegativity of F and O than that of
ClL
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Figure 3. Partial optimized geometry structures and corresponding
electron density difference plots: clean {001} surface (a), F-adsorbed
{001} surface (b), OH -adsorbed {001} surface (c), Cl -adsorbed
{001} surface (d). The isosurfaces of electron density difference plots
all are 0.05 e/A3. The numbers pointing to atoms stand for the
Mulliken populations of atoms and the numbers pointing to bonds
stand for the lengths (A) of bonds. The blue and red surfaces
represent charge accumulation and depletion, respectively. The blue
sphere stands for the F atom, the green one, for the H atom, and the
pale green one, for Cl atom.

As can be seen from the corresponding EDDP, the F-
adsorbed {001} surface (see Figure 3b2) and OH-adsorbed
{001} surface (see Figure 3c2) exhibit the strong chem-
isorptions of F~ and OH™ ions on the TNS surface, while the
Cl-adsorbed {001} surface (see Figure 3d2) shows the
relatively weak chemisorption of Cl™ ions on the TNS surface.
The stronger chemisorptions of F~ and OH™ ions than that of
CI” on the TNS surface are in good accordance with the
observed higher atomic ratios of Oy and F than that of Cl (see
Table 1) in the samples. Moreover, the slightly shorter length
of Tisc—F (1.79 A) than that of Tic—Oy (1.83 A) means that
the preadsorbed F~ ions on the TNS surface are difficult to be
completely replaced by the OH™ ions. The above EDDP also
implies the redistribution of charges in the TNS surface.

As an effective parameter to characterize the charge of an
atom, the Mulliken population is used to analyze the charge
transfer in the TNS surface. The Mulliken populations of Tisc
atoms bonded to F~ and OH™ ions are 1.41 (Figure 3b1) and
1.38 (Figure 3cl), respectively, which explain the difference
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between the binding energies of Ti 2p;/, (Ti 2p;/,) in the XPS
spectra (Figure 2a) of HF-TNS and NaOH-TNS. However, the
Mulliken population of the Tisc atom bonded to CI™ ion
decreases to 1.24 (Figure 3d1), lower than that of the Tisc
atom in the clean TNS surface (1.31, see Figure 3al). This is
because the Cl™ ion not only forms a weak Tisc—Cl bond (2.32
A) but also significantly weakens one of two adjacent Tisc— O,
bonds (2.33 and 1.78 A, see Figure 3d1). Such effects lead to
the reductions of Tisc atoms. But the reduced Tis atoms are
too few to be detected by XPS due to the small quantity of
adsorbed Cl™ ions (Table 1). Besides, the atomic ratio of F is
higher than that of Cl in the HCI-TNS (see Table 1), resulting
in the domination of F~ ions instead of Cl~ ions. Thus, the
binding energy of Ti 2p;;, (Ti 2p,;,) in the HCI-TNS is
consistent with that in the HF-TNS (Figure 2a). Similarly,
though the adsorbed F~ ions also exist on the NaOH-TNS
surface, the quantity of adsorbed OH™ ions is larger than that of
F~ ions. Therefore, the binding energy of Ti 2p in the HF-TNS
and HCI-TNS both are higher than that in the NaOH-TNS.

Moreover, the formation of the strong Tisc—F bonds in the
F~ and Cl -adsorbed {001} surfaces remarkably weakens the
adjacent Tisc—O,¢ bonds, which then prevents the electrons of
the Tisc atoms transferring to the O, atoms. In comparison
with the Ti;c—F bonds, the Ti;c—Oy bonds in the OH™-
adsorbed {001} surface are slightly weak. Hence, the O, atoms
adjacent to the adsorbed OH™ ions possess more electrons than
those adjacent to the adsorbed F~ ions. As a result, the binding
energies of O 1s in the HF-TNS and HCI-TNS are larger than
that in the NaOH-TNS, which agrees well with the XPS results.
Besides, the extended Tisc—O, bonds are easier to be broken
owing to the weakened binding force, which is beneficial to the
HCHO adsorption.

3.3. Evaluation of HCHO Adsorption Performance.
Figure 4 shows the comparison of HCHO adsorption

170

2 3

Concentration (ppm)
2

130
120
—~ NaOH-TNS
0 1 2 3 456 7 8 9 1011

Time (min)

Figure 4. Comparison of formaldehyde adsorption performance for
the HF-TNS, NaOH-TNS, and HCI-TNS samples.

performance for the HF-TNS, NaOH-TNS, and HCI-TNS
samples. It is suggested in Figure 4 that the HCHO adsorption
performance for the three samples decreases in an order of
NaOH-TNS > HCI-TNS > HF-TNS. To explain the difference
in the HCHO adsorption performances of HF-TNS, NaOH-
TNS, and HCI-TNS, the HCHO adsorptions on the F~, OH",
and Cl -adsorbed {001} surfaces are simulated and calculated
by DFT. For comparison, the HCHO adsorption on clean
{001} surface is also considered. It should be noted that the
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absolutely clean {001} surface is difficult to prepare. Hence, the
HCHO adsorption on the clean {001} surface is only
investigated by the theoretical method.

According to the atomic configuration in the {001} surface,
two models (types I and II) of the HCHO adsorption on the
{001} surface are calculated. The optimized geometry
structures and corresponding EDDP are shown in Figure S.

Figure 5. Partial optimized geometry structures and corresponding

electron density difference plots: type I (a) and type II (b).

In type I (see Figure Sal), the C atom and Oy atoms in the
formaldehyde molecule are respectively bonded to one O,¢
atom and one Tisc atom due to the break of corresponding
Tisc—O,c bond. As a result, the structure of Ti—O—C—O-Ti
linkage is formed in the {001} surface. Further, the EDDP (see
Figure Sa2) of type I also exhibits the strong chemisorption of
HCHO on the {001} surface. Also, the newly formed Tisc—Og
bond (1.80 A) and the adjacent Tisc—O,¢ bond (1.80 A) are
shorter than the Tisc—O,¢ bonds (1.97 A, see Figure 3al) in
the clean {001} surface, indicating that the HCHO adsorption
enhances the structural stability of the {001} surface. However,
in type II (see Figure Sbl), the Oy atom is directly bonded to
the Tisc atom, but the C atom from HCHO is not bonded to
any atoms from TNS. As a result, the adjacent Tisc—O,¢ bonds
are not broken. Besides, the newly formed Tis—Og bond (2.39
A) is longer than that (1.80 A) in type I, indicating the weaker
interaction between HCHO and {001} surface in type IL
Moreover, the EDDP (see Figure Sb2) of type II also exhibits
the weak chemisorption of HCHO on the {001} surface.
Further investigation reveals that the adsorption energy (E,q4,)
of type I (2.48 €V) is much larger than that of type II (0.78 eV),
which is calculated by the following formula:'”*!

Eads = Eslab + EHCHO - Etotal

where Eg, is the energy of {001} surface, Eyjcy is the energy
of one HCHO molecule in the vacuum, and E,, is the total
energy of HCHO-adsorbed {001} surface. This suggests that
type I is more stable than type II, implying that type I is the
favorable mode of HCHO adsorption on the {001} surface.
Thus, type I is discussed in the following investigation on
HCHO adsorption on the F-, OH™, and Cl -adsorbed {001}
surfaces, and type II is skipped.

The above analysis on the F~, OH™, and Cl -adsorbed {001}
surfaces suggests that the adsorbed F~, OH™, and CI” ions lead

dx.doi.org/10.1021/am402246b | ACS Appl. Mater. Interfaces 2013, 5, 8165—8172
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Figure 6. Partial optimized geometry structures and corresponding electron density difference plots: HCHO adsorptions on F-adsorbed {001}
surface (al, a2, a3, and a4), OH -adsorbed {001} surface (b1, b2, b3, and b4) and Cl -adsorbed {001} surface (cl, c2, c3, and c4).

Table 2. E 4, of HCHO adsorptions on F~, OH™, and Cl™-Adsorbed {001} Surface for Type I

surface E,q (eV) surface
al 1.31
F~-adsorbed a2 1.74 OH™-adsorbed
{001} a3 1.84 {001}
a4 1.80

E, (eV) surface E (eV)
bl 0.84 cl 1.47
b2 1.48 Cl ™ -adsorbed 2 0.96
b3 1.90 {001} 3 2.00
b4 1.85 c4 2.02

to the extension of partial Tisc—O,c bonds. Considering the
characteristic of type I, the weakened Tisc—O,c bonds are
easier to be broken during HCHO adsorption. Thus the four
longest Tisc—O,¢ bonds in each of F~, OH™, and Cl™-adsorbed
{001} surfaces are investigated on the HCHO adsorption. As
can be seen in Figure 6, the HCHO molecules are all
chemisorbed on the F~, OH, and Cl -adsorbed {001} surfaces
via the mode of type I. But the difference is that some Tisc—
O,¢ bonds (see Figure 6al, 6b2, and 6c1) are not broken. The
occurrence of unbroken Tisc—O,c bonds is ascribed to the

difficulties for the O,c atoms moving outside owing to the
strong repulsive forces from the adjacent F~, OH™, and CI~
ions. As a result, the O,: atom bonded to the C atom of
HCHO is still close to the Tisc atom boned to the Op atom,
which stabilizes the Tisc—O,c bond. Though the O, atom is
adjacent to the adsorbed OH™ ion (see Figure 6b1), the Tisc—
O, bond is still broken. This is due to the deflection of OH™
ion, which decreases the repulsive force between the O, atom
and the OH™ ion
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Moreover, the Tisc—O,c bond with the O, atom adjacent
to the Cl™ ion is also broken (see Figure 6c2). This is due to
the desorption of the CI™ ion, which weakens the repulsive
force between the O, atom and Cl™ ion. Hence, the additional
interactions between the Oy atoms and the adsorbed ions (F~,
OH7, and CI”) improve the total energies of adsorption
systems, which significantly decreases the E of HCHO
adsorption systems (see Table 2). But the adsorption systems
with the HCHO far away from the adsorbed ions have the
larger E 4 than those with the HCHO close to the adsorbed
ions. This implies that the adsorbed F~, OH™, and CI” ions
retard the HCHO adsorption on the {001} surface. Moreover,
it can be concluded that HCHO prefers to be adsorbed on the
clean {001} surface rather than the F~, OH™, and Cl™-adsorbed
{001} surfaces via type I mode. But according to Table 2, the
HCHO adsorption on the Cl -adsorbed {001} surfaces has the
larger E,4 than those on the F~ and OH -adsorbed {001}
surfaces. In addition, the adsorbed ions in HCI-TNS are less
than those in HF-TNS and NaOH-TNS. As a result, HCI-TNS
should have the best HCHO adsorption performance. But the
above experimental investigation confirms that NaOH-TNS has
better HCHO adsorption performance than HCI-TNS. This
implies the existence of other effective adsorption mode of
HCHO on the {001} surface of TiO,.

It is well-known that the F~ ion and the Oy atom with lone
electron pairs can form hydrogen bonds with H atoms. Thus, it
is possible that the adsorbed ions (F~, OH™, and CI7) can
directly combine with HCHO, also resulting in the HCHO
adsorption. Accordingly, the interactions (type III) between
HCHO and adsorbed ions (F~, OH™, and Cl") are investigated
(see Figures 7a, ¢, and d). Besides, considering the O atom
with lone electron pairs in HCHO molecules, the interaction
between the Hy atom (the H atom in hydroxyl) and the Og
atom is also explored (see Figure 7b). Surprisingly, as HCHO is
close to the adsorbed OH™ ion, the Cz—Hj bond in HCHO is
broken, and then, the Hg is bonded to the Oy atom (see Figure
7cl). Thus, one formyl group and one H,O-like group are
formed, which is similar to the previous report.45 Though the
EDDP suggests that the interaction between the two groups is
the weak physisorption (see Figure 7c2), the current adsorption
system has the much larger E,4 (0.97 eV) than the HCHO
adsorption on the F~ and Cl -adsorbed {001} surface (see
Table 3). This indicates that the transferring of Hg atom from
HCHO to the adsorbed OH™ ion is beneficial to the HCHO
adsorption on the {001} surface. But the Hyy atom from OH™ is
not attracted by the O atom (see Figure 7b1 and 7b2), leading
to the low E,4; (0.20 eV). Such a phenomenon does not appear
in the F~ and Cl -adsorbed {001} surfaces (see Figure 7a and
d). Furthermore, the above XPS results confirm that a large
number of OH™ ions are adsorbed on the NaOH-TNS surface.
Hence, the OH -adsorbed {001} surface has more active
centers for HCHO adsorption than the F~ and Cl -adsorbed
{001} surfaces. It is not surprising that NaOH-TNS exhibits the
best HCHO adsorption performance. Moreover, our recent
results indicate that the HCHO decomposition using Pt-loaded
TiO, as catalyst is also enhanced by NaOH treatment.*® This is
because the formed formyl group induced by the adsorbed
OH™ ions has a positive influence on the HCHO
decomposition.

4. CONCLUSIONS

In summary, the F~ ions from HF, OH™ ions from NaOH, and
CI” ions from HCI all can be chemisorbed on the {001}
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Figure 7. Partial optimized geometry structures and corresponding
electron density difference plots: HCHO adsorptions on F~-adsorbed
{001} surface (a), OH -adsorbed {001} surface (b and c), and CI"-
adsorbed {001} surface (d).

Table 3. E_ 4, of HCHO Adsorptions on F~, OH, and CI -
Adsorbed {001} Surface for Type III

surface E,q (eV)
a F-adsorbed {001} 0.03
b OH™-adsorbed {001} 0.20
c OH™-adsorbed {001} 0.97
d Cl™-adsorbed {001} 0.23

surfaces of TNS, resulting in the reconstruction of TNS surface.
The adsorbed ions (F-, OH™, and CIl7) directly weaken the
interactions between the HCHO molecules and the Tisc—O,¢
bonds in the {001} surfaces, which significantly reduces the E,4;
of HCHO adsorption systems. However, different from the
adsorbed F~ and CI” ions, the adsorbed OH™ ion can easily
capture the Hp atom from the HCHO molecule, which
significantly reduces the total energy of HCHO adsorption
system. As a result, the adsorbed OH™ ion produces the extra
active centers for HCHO adsorption. Thus the NaOH-treated
TNS exhibit enhanced HCHO adsorption performance.
Moreover, the formed formyl and H,O-like groups on
NaOH-TNS will enhance the adsorption and decomposition
of formaldehyde. This study will provide new insight into the
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understanding of HCHO adsorption mechanism on the surface
of oxides.
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