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ABSTRACT: Increasing volatile organic compounds (VOCs) in the atmosphere have
triggered intensive research on photocatalytic oxidation technology to safely
photodegrade these volatile organic pollutants. Downsizing metal catalysts up to an
atomic level on oxide supports can provide more active sites on the surface for different
reactions, i.e., CO oxidation, CO2 reduction, removal of organic pollutants as well as
decrease the use of precious metals. Here, we designed atomically dispersed metal
catalysts (ADMCs), i.e., Pt on TiO2 nanosheets, which produced a robust and stable
photocatalytic degradation of the gas-phase acetaldehyde. The loading of Pt was carried
out using different deposition times, such as 2, 4, and 6 h, designated as Pt/T xh at 70
°C. This was followed by vacuum drying (60 °C) and subsequent calcination at 125 °C in an inert atmosphere. The high-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM) analysis confirmed the presence of atomically
dispersed Pt on TiO2 nanosheets. The sample Pt/T 4h displayed a high photodegradation efficiency (100%) than pure TiO2 (38%)
for 500 ppm of acetaldehyde with a flow rate of 10 sccm. Also, 700 ppm of CO2 was produced by Pt/T 4h in contrast to 340 ppm by
pure TiO2. The experimental data for the sample Pt/T 4h was further characterized using Langmuir−Hinshelwood kinetic models to
determine the reaction rates, adsorption equilibrium constants, and water adsorption constant. This study provides a unique
opportunity to develop metal-decorated TiO2-based photocatalysts for the robust and efficient removal and mineralization of
acetaldehyde from the indoor atmosphere.
KEYWORDS: photocatalysis, Pt-decorated TiO2, acetaldehyde, HAADF-STEM, VOCs

■ INTRODUCTION

Air pollution is a major cause of premature deaths and diseases
(e.g., cardiac and respiratory) around the globe and is the
single largest environmental health risk in many countries. In a
recent report (EEA report no 10/2019), the European
Environmental Agency attributed 400 000 premature deaths/
year in EEA-39.1 The main source of air pollution is the low
boiling point (∼50 to 250 °C) volatile organic compounds
(VOCs). VOCs are also accountable for the increasing ozone
content in the troposphere and the formation of fine
particulates via reactions with nitrogen oxides (NOx) and
carbon monoxide (CO).2,3 The concentration of VOCs in an
indoor air environment is much higher (5−100 times) than
that in the outdoors, which poses serious health risks. Several
technologies including nonthermal plasma,4 adsorption,5 and
photocatalytic oxidation (PCO)6−8 have been developed to
address this issue. Photocatalytic oxidation (PCO) is a
promising technology to eliminate indoor air pollutants
including VOCs.9−12 Despite investigations on various oxide-
based semiconductors, TiO2 is still the focus of interest due to
its abundance, nontoxicity, and oxidizing properties.13−16

Recent progress on metal-oxide growth strategies suggests
that the growth of metal catalysts on oxide supports might
result in an interface, where the metal-to-metal bonds are of
similar strength as the metal-to-oxide bonds.17−21 Thus, a

strong metal−support interaction is established when the metal
nanoparticles are partially covered by the oxide support on
reduction.22 Reducible oxide-based semiconductors, e.g., TiO2,
Cu2O, FeOx, and CeO2 are suitable supports for developing
atomically dispersed metal catalysts (ADMCs) by incorporat-
ing precious metals i.e., Pt, Pd, and Au. This technique
generates more reactive sites and ensures the cost-effective use
of precious metals. The superior photocatalytic performance of
ADMCs can be attributed to many factors, including the
production of high-energy electrons in metals under light
illumination, which activate molecules on the surface. Addi-
tionally, the light absorption capability of metal nanoparticles is
greater than oxide-based semiconductors. Accordingly, Pt-
modified TiO2 has been widely studied for the photo-
degradation of VOCs; however, ADMCs are ignored for the
gas−solid photocatalysis.23,24

In this article, we studied atomically dispersed Pt cocatalyst
on TiO2 nanosheets, predominantly grown along the <001>
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direction. TiO2 nanosheets with an exposed (001) surface are
preferred due to their high surface energy (0.90 Jm−12), the
under-coordination of surface Ti5c (5-fold Ti atoms) and O2c
(2-fold oxygen atoms), and their superior photocatalytic
activity.25,26 For example, Yu et al.27 studied the effect of
TiO2{001} and {101} facets on the photoreduction of CO2.
Detailed density functional theory (DFT) calculations showed
that the Fermi level of {001} facets enters their valence band
(VB). On the contrary, the Fermi level of {101} facets is
located at the top of the VB. The contact between the {001}
and {101} facets will form a surface heterojunction, which is
anticipated to improve the hole−electron separation. The ratio
of {001} and {101} facets was controlled using different
hydrofluoric acid (HF) contents (HF: 0 (11% {001} facets) to
9 mL (83%; {001} facets)) under hydrothermal reaction
conditions. The photocatalytic activity of the as-prepared TiO2
nanoparticles was studied during CO2 photoreduction. The
results showed that TiO2 nanoparticles with a low {001}
percentage (11%; no HF) exhibited a poor CH4 production
rate (0.15 μmol h−1 g−1). When the HF content was increased
from 3 (49%; {001} facets) to 4.5 mL (58%; {001} facets), a
significant increase in the CH4 production rate was observed,
exhibiting 0.75 μmol h−1 g−1 and 1.35 μmol h−1 g−1,
respectively. Further increase in the TiO2{001} facet %
decreased the CH4 production from 0.82 μmol h−1 g−1 (HF
= 6mL) to 0.55 μmol h−1 g−1 (HF = 9 mL). This study
suggested that initially the hole−electron separation was
improved due to an optimum ratio of {001} and {101} facets,
e.g., HF = 4.5 mL ({001} = 58%). As the percentage of {001}
facets increased, the photocatalytic activity was observed to
decrease due to the electron overflow effect from {001} facets
to {101} facets. Due to the large percentage of {001} facets,
the transfer of electrons was impeded from {001} to {101}
facets and thus, recombination of these electrons within the
{001} facets occurred simultaneously. The TiO2 nanosheets
were synthesized under strong acidic hydrothermal conditions.
Photocatalytic oxidation and mineralization efficiency of gas-
phase acetaldehyde was carried out under UV−visible light
illumination using an automatic flow reactor coupled with gas
chromatography (GC) to monitor the degradation process.
Acetaldehyde is a major indoor air pollutant that is introduced
into the atmosphere from various sources, for example,
building materials, synthetic materials, and domestic chem-

istry.28 It is a well-known human carcinogen, which has been
regulated on a priority basis in EU, China, and the USA.29 Pt-
modified TiO2 nanosheets efficiently photodegraded acetalde-
hyde at room temperature, whereas pure TiO2 showed poor
performance. The efficient photodegradation is attributed to
the good light-harvesting capability and improved charge
separation process in Pt-modified TiO2 nanosheets. Moreover,
the presence of Pt facilitated the mineralization efficiency of
acetaldehyde to a great extent. The gas−solid reaction
mechanism was further rationalized using several Langmuir−
Hinshelwood kinetic equations to determine the reaction rate,
adsorption equilibrium constant, and water adsorption
constant.

■ EXPERIMENTAL SECTION
Synthesis of TiO2 Nanosheets. TiO2 nanosheets were grown

along the (001) plane through a modified hydrothermal method.6 In
the first step, tetrabutyl titanate (25 mL, Sigma-Aldrich, 97%) and HF
(10 mL, Sigma-Aldrich, 40% aqueous solution) were mixed in a dry
Teflon-lined autoclave reactor and treated at 200 °C for 40 h. The as-
prepared precipitates were thoroughly washed with deionized water
and absolute ethanol. The product was dispersed in 0.1 M NaOH
(Sigma-Aldrich, ≥97%) solution for 24 h and subsequently washed
with deionized water and dried at 100 °C in an electric furnace.
Finally, the powders were washed three times with deionized water
and absolute ethanol before being dried (100 °C) in an electric
furnace for 24 h.

Synthesis of Pt-Decorated TiO2 Nanosheets. Deposition of Pt
was carried out in a round bottom flask (250 mL) using a thermal
deposition method.19 Initially, 0.5 g of TiO2 nanosheets was dispersed
in deionized water (100 mL) and sonicated for 2 h. The container was
transferred to an oil bath and maintained at 70 °C. A predetermined
amount of H2PtCl6·6H2O was dissolved in 2 mL of deionized water,
which was added to the TiO2 dispersion container and magnetically
stirred on a hot plate (70 °C) for different times, e.g., 2, 4, and 6 h. As
a control, pure TiO2 was processed under similar conditions without
adding the Pt source. The as-prepared slurry was centrifuged at 1000
rpm for 10 min and washed three times with deionized water. The
samples were dried in a vacuum furnace at 60 °C overnight. Finally,
the powders were calcined in a tube furnace at 125 °C for 1 h under
an argon atmosphere. Hence, TiO2 nanosheets decorated with 0.053,
0.097, and 0.231 wt % Pt were achieved. These parameters were
determined by inductively coupled plasma-atomic emission spectros-
copy. The samples decorated with Pt at different time intervals are
designated as the following: Pt/T xh, where Pt demonstrates the Pt-
decorated sample, T is TiO2, and xh shows the number of hours. For

Scheme 1. Synthesis of Pure and Atomically Dispersed Pt on TiO2 Nanosheets
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instance, Pt/T 2h indicates the deposition process of Pt on TiO2
carried out for 2 h. The overall synthesis process can be viewed in
Scheme 1. Pt nanoparticles were prepared by the wet impregnation
technique. TiO2 nanoparticles were mixed with H2PtCl6 (same
amount as for Pt) under constant stirring at room temperature for 6 h.
The as-prepared slurry was dried at 100 °C in an oven. The sample
was calcined at 400 °C (step size 5 °C min−1), which was further
treated at 250 °C for 1 h in a tube furnace (H2 flow). Lastly, H2 gas
was replaced with N2 gas for an additional hour to remove adsorbed
H2.
Spectral Characterization. The X-ray diffraction (XRD) study

was performed using an Ultima IV 2036E102 (Rigaku Corporation,
Japan) X-ray diffractometer with a Cu Kα1 source (λ = 0.15406 nm).
The Raman study was carried out using a DXR Raman microscope
(Thermo Fisher Scientific) utilizing a laser with an excitation
wavelength of 532 nm at 7 mW laser power. The surface morphology
was investigated using a field-emission scanning electron microscope
(FESEM; JEOL JSM-6700F). The microstructure analysis was carried
out using a high-resolution transmission electron microscope (TEM
JEOL 2100) operating at 200 kV coupled with a LaB6 source. Gatan
Orius charge-coupled devices were used to collect the high-resolution
TEM (HRTEM) images. The high-angle annular dark-field
(HAADF) images were acquired with a probe-corrected scanning
transmission electron microscope HF5000 (Hitachi High-Tech,
Japan) working at 200 kV. The optical absorption study was
performed using a UV/vis/NIR spectrophotometer (Perkin Elmer
Lambda 950). The photoluminescence (PL) study was performed
using a Perkin Elmer luminescence spectrometer C 55 at an excitation
wavelength of 320 nm. The Brunauer−Emmett−Teller specific
surface area (BETSSA) of the samples was analyzed using a nitrogen
desorption isotherm apparatus (Micrometrics ASAP 3000). Prior to
experiments, the samples were degassed at 120 °C for 24 h. The X-ray
photoelectron spectroscopy (XPS) analysis was performed using a
Thermo K-Alpha spectrometer (Thermo scientific ESCALAB 250Xi)

with monochromatic Al K-Alpha radiation, which is a dual-beam
charge compensation system with a constant pass energy of 50 eV.
Survey scans were collected in the range of 0−1200 eV. The XPS
peaks were further fitted to identify the nature of elements present in
the samples. Ultraviolet photoelectron spectroscopy (UPS) was
carried out to determine the surface work function using a Thermo
ESCALAB250 XI (HeI = 21.2 eV; passing energy = 5.0 eV). A model
JES-FA200 spectrometer was used to conduct the electron spin
resonance (ESR) experiment to trace the production of oxide radicals.
In the ESR study, 5,5-dimethyl-1-pyrroline N-oxide (DMPO;
DOJINDO Lab; >99%) was used as a radical trapping agent. The
scavenger experiment was conducted using radical scavengers, which
include p-benzoquinone (PBQ) and (2,2,6,6-tetramethyl-1-piperidi-
nyloxy (TEMPO) for •O2

− and •OH radicals, respectively. The
electron paramagnetic resonance (EPR) study was carried out at
room temperature operated at an X-band frequency (9.069 GHz) and
100 kHz field modulation. The photocurrent study was performed
using a CHI660D electrochemical workstation in a conventional three
electrode cell configuration that includes Ag/AgCl as the reference
electrode, Pt as the counter electrode, and samples coated on FTO as
the working electrode.

Dynamic Adsorption−Desorption and Photodegradation
Test. To test the photocatalytic activity of the pure and Pt-modified
TiO2 samples for the gas-phase photodegradation of acetaldehyde, the
dynamic adsorption−desorption and photodegradation experiments
were performed in an automated gas circulation reaction chamber
coupled with gas chromatography. Initially, the photocatalyst sample
(0.1 g) was mixed-milled in 10 mL of absolute ethanol using a mortar
and pestle for 10 min. The as-prepared slurry was drop-cast on a glass
substrate (16 × 13 cm) and subsequently dried in air. The samples
were further dried (60 °C) using a vacuum oven for 1 h. The as-
prepared samples were transferred to a reaction chamber, which was
tightly sealed. Acetaldehyde (1000 ppm) and compressed air (1000
ppm) were allowed to flow through the sample-holding reaction

Figure 1. Phase and microstructure analysis of pure and Pt-modified TiO2 nanosheets. XRD (a) and Raman spectroscopy (b). FESEM (c) and the
corresponding EDS mapping of Pt/T 4h showing the dispersion of Ti (green), O (red), and Pt (cyan), (d, e, f). TEM analysis and mean particle
diameter of Pt/T 4h, TEM image (g), particle size distribution (h), and SAED (i).
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chamber and the process was monitored through GC. After achieving
the adsorption−desorption equilibrium in the dark, the samples were
irradiated using a 400W xenon lamp with an illumination density of
80 mW/cm2 measured with a THORLABS GmbH (PM100D; S314C
detector) as the radiation source. Fresh samples were used for every
experiment excluding the cyclic test. The reaction was also performed
without using any photocatalysts (blank chamber).
Computational Details. The periodic density functional theory

study was performed using the Vienna ab-initio simulation package
(VASP).30−32 The crystal lattice of three-dimensional TiO2 was fully
relaxed using a 2 × 2 × 1 supercell. Structure optimization and
property calculations were carried out using generalized gradient
approximation (GGA) as an exchange-correlation function given by
Perdew−Burke−Erzhenhof (PBE).33 The noncovalent interactions
were accounted for using the van der Waals (vdW) correction method
(DFT−D3 framework) implemented by Grimme, which utilizes a
simple pairwise force field to describe the vdW forces.34 The fully
relaxed TiO2 was cleaved along two directions (101) and (001) to
mimic the desired TiO2 surfaces. A vacuum of 20Å was used for the
slab models. Constraints were applied to the bottom three layers of
the slabs to mimic the bulk and surface character during the
computations. Different positions of the Pt atoms were tested to
comprehend the interaction of Pt atoms on the surface, bond
distance, and stability. In all of the computations, a cutoff energy of
520 eV was used. The Brillouin zone was sampled with the
Monkhorst−Pack mesh 5 × 5 × 1 grid in the reciprocal space. The
partial density of states (PDOS) was calculated to study the electronic
structure of pure and Pt-modified TiO2 surfaces.

■ RESULTS AND DISCUSSION

Phase and Microstructure Analysis. TiO2 nanosheets
with an exposed (001) surface were synthesized using a
hydrothermal method. The loading of Pt was carried out using
different deposition times, e.g., 2, 4, and 6 h designated as Pt/T
xh at 70 °C using a round bottom flask containing TiO2
nanosheets and H2PtCl6·6H2O. This was followed by vacuum
drying (60 °C) and subsequent calcination at 125 °C in an Ar
atmosphere. X-ray diffraction (XRD) and Raman spectroscopy
confirm the anatase phase with no considerable difference in
lattice parameters by Pt decoration (Figure 1a,b and Table
S1).35,36 The FESEM micrograph shows a sheet-like
morphology (nanosheets), which is similar to the TiO2
nanoparticles predominantly grown along the <001> direction
(Figure 1c). The percentage of the (001) surface is calculated
to be ∼84% (Figure S1).37 The energy-dispersive X-ray
spectroscopy (EDS) analysis confirmed Ti, O, and Pt as the
main elements (Figure 1d−f). The TEM results additionally
validate the morphology in more depth (Figure 1g), with a
mean particle size of ∼192 nm (Figure 1h). The top surface of
TiO2 nanosheets is regarded as the (001) surface while the
sides of the particles are the (101) surface (inset sheet model).
The selected area electron diffraction (SAED) pattern shows
evidence of the well-crystalline nature of the particles (Figure
1i).
The TEM image reveals small Pt nanoparticles (Figure

2a,b). The particles are dominantly aggregated on the edges of
the nanosheets while the top surface incorporated a small
quantity. This behavior could possibly be due to the exclusive
behavior of TiO2 surfaces, which dominantly include (101)
and (001) in this case. As a result of the difference in the
atomic arrangement and surface energy of the TiO2(101) and
(001) surfaces, the aggregation of Pt atoms on these facets is
unique. The surface energy of TiO2(001) is 0.9 Jm

−12, which is
higher than TiO2(101) (0.44 Jm−12). This could be due to the
strong metal−support interaction (Pt−O in this case), which

renders stability and immobility to the Pt atoms on the TiO2
surface, thus inhibiting the agglomeration of Pt atoms for the
most part. To test this hypothesis, we carried out periodic DFT
calculations of Pt adsorption on TiO2(101) and (001) surfaces.
These results confirm that there are strong interactions
between the TiO2(001) surface and Pt than Pt on the
TiO2(101) surface. These findings are further discussed in the
Photocatalytic Degradation and Mineralization of Acetalde-
hyde section, which suggests that atomically dispersed Pt can
be formed at this relative annealing temperature (125 °C). The
Pt on the surface shows a narrow size distribution (average
value = 0.35 nm: Figure S2). The high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
results demonstrate high-resolution structural dynamics of the
Pt growth on TiO2 nanoparticles (Figure 2c−f). Mono-
dispersed Pt atoms can be clearly traced even though both the
pure and Pt-modified TiO2 samples were treated at 125 °C for
1 h (Figure 2c). To confirm the role of F ions in the surface
morphology of the Pt atoms, we prepared a fresh sample and
completely removed the surface F ions. The Pt was decorated
for 4 h under similar conditions given in the Experimental
section. The HAADF-STEM analysis displayed a similar
behavior for the Pt atoms (Figure S3), as anticipated in the
sample Pt/T 4h (Figure 2c,e). Thus, it can be inferred that the
surface fluorides did not play a significant role in the surface
distribution of Pt. This could be associated with the fact that
most of the surface F ions were deliberately removed by
quenching TiO2 nanosheets in 0.1 M NaOH before Pt
deposition.

Figure 2. HRTEM, HAADF-STEM images, and XPS analysis of Pt/T
4h. HRTEM image of the particle morphology at high resolution (a).
HRTEM of Pt distribution on the TiO2 surface (b), white circles
indicate large clusters while yellow arrows show small clusters or
monodispersed atoms. HAADF-STEM images; isolated Pt atoms are
encircled yellow while small clusters are highlighted in white circles
(c), and surface features and the FFT image (d), surface micrograph
of Pt agglomerates and single atoms (e), and isolated Pt agglomerated
on the TiO2(001) surface (f). XPS analysis; Ti 2p spectra (g), O 1s
spectra (h), Pt 4f spectra (i), and C 1s spectra (j).
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Also, small clusters of Pt coexist in this sample with a varying
number of atoms. Figure 2d shows the HAADF-STEM image
of the sample Pt/T 4h of a different location. The measured
lattice fringes 0.237 and 0.352 nm correspond to the
TiO2(001) and (101) surfaces, respectively. The inset of the
FFT image demonstrates the characteristic surface angle
(68.3°) of the anatase TiO2(001) surface. Two structural
dynamics are visible for these small clusters (Figure 2e,f). The
clusters, which are present at the top surface (i.e., TiO2(001))
display a relatively loosely bound conglomeration of atoms
(Figure 2f) with an interatomic distance of 0.331 nm. This
distance is larger than the Pt−Pt distance in PtO (0.31 nm)
and in metallic Pt (0.276 nm).38 In contrast, the Pt atoms
present on the TiO2(101) surface depict well-defined nano-
clusters containing several atoms (Figure 2e inset). These
outcomes further verified the HRTEM results that the nature
of the TiO2 surface plays a significant role in stabilizing the Pt
atoms. Despite the formation of these small clusters, the
surface predominantly shows the existence of monodispersed
Pt atoms. The survey XPS spectra show Ti 2s, Ti 2p, Ti 3s, Ti
3p, O 1s, and C 1s peaks (Figure S4) while the convoluted
peaks of Ti 2p, O 1s, Pt 4f, and C 1s are given in Figure 2. In

Ti 2p, the two peaks are resolved at binding energy (BE)
values of 467.77 and 466.55 eV for pure TiO2 (Figure 2g).39

The Ti4+ 2p3/2 peak in pure TiO2 appears at a BE of 464.55 eV,
which shifts to a high BE value (464.77 eV) for the Pt/T 4h
sample. The shift to a higher BE value verifies an interaction
between Pt and TiO2. Similar results have been observed by
Wei et al.40 Their study on Au and Pt-modified TiO2
demonstrate obvious changes in the BE of Ti 2p peaks toward
low BE compared to pure TiO2. The shift toward low BE was
associated with the reduction of Ti4+ into Ti3+. Although we
did not observe such a significant shift, still a small variation in
BE can be associated with the decoration of Pt on TiO2. For
example, Wan et al.41 have reported no obvious changes in the
Ti 2p peaks by Au deposition. To further study the nature of
surface defects, we carry out the EPR study of pure and Pt/T
4h samples (Figure S5). The presence of oxygen vacancies can
be seen in both samples. Both samples did not show a
significant difference. Two distinguished resonance peaks can
be observed at g = 2.006 and 1.999, which are associated with
the oxygen vacancy and Ti3+, respectively.42−44 The O 1s peak
for pure TiO2 (529.98 eV) shifts to 530.21 eV in the case of
Pt/T 4h, which is attributed to the lattice oxygen (Ti−O)

Figure 3. Photodegradation of gas-phase acetaldehyde on pure and Pt-modified TiO2 nanosheets (a) and comparative conversion efficiencies after
different time intervals (b). Conversion efficiencies at different flow rates (c, d). Mineralization curves (e) and efficiencies (f) of pure TiO2 and Pt/
T 4h in the course of gas-phase acetaldehyde photodegradation.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.1c00208
ACS Appl. Nano Mater. 2021, 4, 3799−3810

3803

http://pubs.acs.org/doi/suppl/10.1021/acsanm.1c00208/suppl_file/an1c00208_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.1c00208/suppl_file/an1c00208_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00208?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00208?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00208?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00208?fig=fig3&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c00208?rel=cite-as&ref=PDF&jav=VoR


(Figure 2h).45 Despite the large number of scanning cycles
(16), the Pt 4f produced a noisy spectrum that can be ascribed
to the low weight percent (Figure 2i). The Pt peak fitting
confirmed two Pt species (i.e., Pt2+ and Pto+). The peaks at BE
values of 76.2 and 72.8 eV are associated with the Pt2+ while
the peak at 74.6 and 71.5 eV correspond to the Pt°. The C 1s
spectrum displays three peaks at BE values, i.e., 285.01, 286.49,
and 288.65 eV, which are assigned to C−C, C−OH, and C
O bonds, respectively (Figure 2j).46,47 The XPS results
confirmed the presence and strong interaction of Pt on the
TiO2 surface.
Photocatalytic Degradation and Mineralization of

Acetaldehyde. The photocatalytic activities of pure and Pt-
modified TiO2 nanosheets were studied in an automated
reaction chamber coupled with a GC (Figure S6; schematic
view). The empty chamber does not exhibit any apparent
photodegradation of acetaldehyde (Figure 3a). In the presence
of TiO2, substantial photocatalytic activity is observed. TiO2
displays high photodegradation activity in the beginning, which
becomes progressively lower. When Pt-modified TiO2 samples
were used as the photocatalysts, a tremendous boost in
photodegradation was noted. Additionally, the degradation
efficiency of Pt nanoparticles on TiO2 was tested for
comparison. The latter demonstrates poor performance when
compared with atomically dispersed Pt atoms; however, all of
the Pt-modified samples exhibit a 100% photodegradation
efficiency. Due to this robust photodegradation behavior, we
compare the overall performance by assessing percent
degradation with respect to time (Figure 3b). After 25 min
of irradiation, pure TiO2 degraded 26% of acetaldehyde, which
increases to a maximum of 38% in 50 min. When Pt
nanoparticles were deposited on TiO2 (HAADF-STEM:
Figure S7), 44 and 83% conversion efficiencies were achieved
in 25 and 50 min, respectively. This percent degradation is
higher than pure TiO2; however, it is lower than atomically
dispersed Pt-modified TiO2 samples. The Pt/T 4h sample
exhibits 89% of photodegradation efficiency in 25 min, which
reaches 96% in 50 min. This photodegradation rate is greater
than pure and Pt-modified TiO2 samples. We additionally
evaluate the effect of flow rate on the Pt/T 4h sample (Figure
3c,d). The photodegradation efficiency decreases to 80% with
an increasing flow rate, which is associated with a low
residence time of the gas molecules on the surface of the
photocatalyst. Regardless of this decrease, the photocatalytic
activity of Pt/T 4h remains higher than pure TiO2. The
acetaldehyde to CO2 mineralization test implies that Pt/T 4h
is superior to pure TiO2 (Figure 3e,f). Pure TiO2 only
mineralizes 34% of acetaldehyde, which produces ∼300 ppm of
CO2. Alternatively, Pt/T 4h exhibited a 68.8% mineralization
efficiency with around ∼700 ppm of CO2 released. The cyclic
test results reveal that Pt/T 4h is very stable in repeating cycles
and show similar behavior without any noticeable change in

the photodegradation efficiency (Figure S8). The above results
suggest that Pt/T 4h is an excellent photocatalyst exhibiting
exceptional activity and stability for the photodegradation of
gas-phase acetaldehyde. To understand the role of surface
fluorides (F) on the adsorption and photodegradation of pure
TiO2, we first removed the surface F ions by excessive washing.
For this purpose, the TiO2 nanosheets (1 g) were stirred in 0.1
m NaOH solution (100 mL) for 8 h followed by washing with
deionized water (3 times). Next, the TiO2 nanosheets were
redispersed in deionized water (100 mL) and 0.1 M HNO3
was added under stirring for 30 min. Finally, the sample was
washed with deionized water three times using centrifugation
and dried at 100 °C overnight. The as-processed TiO2
nanosheets were used to carry out survey XPS (Figure S9),
which confirmed the complete removal of the surface F ions.
The samples quenched in 0.1 m NaOH without stirring or
HNO3 washing still showed the presence of surface F (Figure
S4); thus, we carried out the dynamic adsorption−desorption
and photodegradation tests to study the influence of surface F
ions. The results are given in Figure S10. It can be seen that
there is a slight difference in adsorption and the adsorption
curve area of the TiO2 nanosheets without surface F ions is
greater than that of TiO2 with surface F ions (Figure S10a).
Also, the degradation of TiO2 nanosheets without F ions is a
little higher (41%) than that of TiO2 with surface F ions (38%)
(Figure S10b). Although F ions on the surface have been
previously accounted for the increasing photocatalytic activity
in the open literature, in our study, it did not significantly affect
the overall photocatalytic activity.
To study different kinetic parameters, such as the rate

constant, water equilibrium constant, and acetaldehyde
adsorption constant, we used seven Langmuir−Hinshelwood
(L−H) kinetic models for the Pt/T 4h sample. The seven
different models are given in Table S2, which are based on
different assumptions. The experimental oxidation rate was
calculated using the following equation.
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where r is the reaction rate of acetaldehyde (ppmv min−1), F is
the flow rate, V is the volume of the chamber (320 mL), and
Cin and Cout are the inlet and outlet concentrations of
acetaldehyde, respectively.
The moisture content in the reaction chamber was

determined through a digital hygrometer (10 000 ppmv).
The multiple linear regression method was used to fit these
models to the experimental data to determine different
parameters including the rate constant, k, adsorption
equilibrium constant of acetaldehyde, KA, and adsorption
equilibrium constant of water, KW. The suitability of the

Table 1. Kinetic Parameters Determined through Langmuir−Hinshelwood Kinetic Models for the Pt/T 4h Sample

L−H kinetic models

model 1 model 2 model 3 model 4 model 5 model 6 model 7

Parameters
k (ppmv min−1) 0.069 0.015 0.0673 0.0672 0.1586 0.2329
KA (ppmv−1) 0.5701 0.7547 2.1527 6.7295 0.7243 0.4196
KW (ppmv−1) 0.00044 0.000185 0.000011 0.000074 0.00024
RSS 0.000213 0.000161 0.000161 0.000161 0.000148 0.000346
R2 0.89 0.92 0.92 0.92 0.93 0.85
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models was estimated based on the residual sum of square
(RSS) and R-squared (R2) values.
Different parameters determined through these models, are

given in Table 1. Model-5 fits well (R2 = 0.93) with the
experimental data from this study. This model assumes that the
reaction of VOCs and water occurs on different adsorption
sites. The rate of reaction (k) was determined to be 0.1586
ppmv min−1. The adsorption equilibrium constant of
acetaldehyde (KA = 0.7243 ppmv−1) is greater than the
water equilibrium constant (KW = 0.000074 ppmv−1). It is
interesting to note that model-6 does not fit the experimental
data, which assumes that the reaction occurs in the gas phase.
Thus, it can be concluded that the degradation of acetaldehyde
primarily occurred on the catalyst surface. Comparative
analysis of these models suggests that the adsorption
equilibrium constant of water vapor is smaller than the
adsorption equilibrium constant of acetaldehyde. Thus, it can
be inferred that acetaldehyde interacted more easily with the
surface than water. The competition kinetics suggests that
acetaldehyde was adsorbed on most of the active sites on the
catalyst’s surface. This behavior has been explained in various
studies where increasing relative humidity (% RH) results in
poor photodegradation performance.48 Furthermore, low water
content has been found to promote the photocatalytic
oxidation (PCO) reaction.
The photoinduced holes oxidize the adsorbed water

molecules to produce hydroxyl radicals. These •OH radicals
act as oxidizing agents in the PCO reaction. However, when
the % RH increases to a certain level, the PCO might be
affected negatively. This may be due to the competitive
adsorption of water and the pollutant gas molecules on the
catalyst’s surface where some of the water molecules will
occupy the active surface sites, e.g., Ti4+ in TiO2.

49 Another
possibility is the formation of a film of water molecules on the
catalyst’s surface, which can impede (reduce) the physical
interaction between the VOCs and catalysts.50 The relative
behavior between predicted rates versus experimental rates and
the trend of R2-values for different models are given in Figure
4a,b, respectively. The predicted values are in good agreement
with the experimental values for model-5, which strengthens
the reliability of the implemented model.
Origin of Improved Photocatalytic Activity. Several

tests were carried out to explore the role of Pt on TiO2
nanosheets. The BETSSA study suggested no significant
difference (Table S1 and Figure S11). The BETSSA is recorded
as 92.93 to 94.23 m2 g−1 with a pore diameter of 20.87 to 19.66
nm corresponding to pure TiO2 and Pt/T 6h samples,
respectively. Thus, the surface area is not the fundamental
component of high photodegradation performance in this
study. The adsorption curves for different samples show no
substantial difference in the quantity of gas adsorbed, which is
quite predictable based on the BETSSA results (Figure S12a−f).
However, the curve area of the Pt-modified samples is slightly
higher than that of pure TiO2. As the interaction between the
pollutant gas and the catalyst surface is crucial for the gas−
solid reaction, it can be inferred that Pt improved the
absorptivity of the acetaldehyde molecules. Also, the Pt/T
6h adsorption area is slightly lower than Pt/T 4h. This might
be responsible for the lower degradation of Pt/T 6h contrasted
to the Pt/T 4h sample, as well as high wt % of Pt could lead to
bigger particles and coverage, although the hole−electron
efficiency of Pt/T 6h is higher (photocurrent study; Figure
5e). Thus, 4 h is an optimum deposition time in our work that

produces overall good photocatalytic performance. The UV−
visible results displayed a small shift in the absorption edge
toward the higher wavelengths with increasing Pt deposition
time (Figure S13a). As an example, the absorption edge of Pt/
T 6h shifted more in contrast to pure TiO2 as well as Pt-
modified TiO2. It could be inferred that Pt decoration on TiO2
increases the light absorption capability. The band gap values
were determined utilizing equation E = hc/λ (Table 1), where
h (6.626 × 10−34 J s−1) is the Plank constant, c (3.0 × 108 m
s−1) is the speed of light, and λ is the cutoff wavelength. The
associated UV−visible spectra were used to calculate the
absorption edges of different samples. The optical band gap
values suggested that the inclusion of Pt on the TiO2 surface
expands the absorption spectrum of TiO2, and thus, the light-
harvesting capability (Table S1). Similar small changes in the
absorption edge have been observed previously for similar
structures.40 It has been reported that the interaction of
vacancies and Pt atoms might carry out substantial changes in
the TiO2 absorption spectra. For example, Cai et al.51 studied
the effect of Pt doping on the UV−visible spectra of
stoichiometric and defective (induced Ov) TiO2 p25. A
significant shift in the visible light absorption was observed
for the oxygen vacancy-rich samples. This effect was attributed
to the interaction of Pt atoms and oxygen vacancies. In this
study, small changes could be associated with the surface
modification due to Pt decoration only. The comparative PL
spectra of pure and Pt (4h)-modified samples show a broad
luminescence spectrum within the range of 350−550 nm
(Figure S13b). The broad peak around 400 nm is assigned to
the band−band photoluminescence phenomena.52 The in-
tensity of this peak considerably decreases for Pt/T 4h as
opposed to pure TiO2, suggesting the effective charge
separation process under light illumination.45 Therefore, the
optical characterization implies that the light absorption and

Figure 4. Experimental rate vs predicted rate calculated through
Langmuir−Hinshelwood kinetic models (a). Comparative R2 values
that depict the fitting of different Langmuir−Hinshelwood kinetic
models to the Pt/T 4h sample (b).
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Figure 5. ESR, photocurrent, and electrochemical analysis. ESR spectra of pure TiO2 and Pt/T 4h nanosheets under UV-light irradiation,
DMPO-•O2

− (a), DMPO-•OH (b), scavenger test (c), photodegradation efficiency in the presence of scavengers (d), current density (μA cm−2)
under chopped light (e), current density (μA cm−2) under continuing light illumination (f), Nyquist plots (g), and the Bode plot (h).

Figure 6. DFT and VB analysis. Adsorption configurations of Pt atoms on the TiO2(001) surface (a−d), the bond length unit is Å. VB spectra (e)
and schematic diagram of DOS of pure TiO2 and Pt/T 4h samples (f).
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charge separation potency of TiO2 is improved by decorating it
with Pt. The ESR results reveal that Pt-modified TiO2 samples
exhibit sharp ESR signals, which prove efficient production of
•OH and •O2

− radicals than pure TiO2 (Figure 5a,b). Thus, it
can be inferred that Pt-modified TiO2 is photocatalytically
more active than pure TiO2 due to the high production of
•OH and •O2

− radicals. The scavenger experiment further
determined the role of •OH and •O2

− radicals (Figure 5c,d). p-
Benzoquinone (PBQ) and (2,2,6,6-tetramethyl-1-piperidiny-
loxy (TEMPO) were used to capture the •O2

− and •OH
radicals, respectively. The photodegradation efficiency is
observed to decrease (64%) in the presence of TEMPO
contrasted to no scavengers (100%). However, when PBQ is
used to capture •O2

− radicals, the photodegradation efficiency
(41%) decreases tremendously. These results suggest that both
•OH and •O2

− radicals are crucial for the photodegradation
reaction with •O2

− radicals playing a major role. The transient
photocurrent response under chopped conditions further
verified the high photodegradation efficiencies of Pt-modified
samples (Figure 5e,f). The photocurrent response is greatly
improved by increasing the Pt deposition time, for example,
the Pt/T 6h sample exhibits a high current density in contrast
to pure TiO2 and other Pt-modified samples. Also, pure TiO2
exhibits a decreasing photocurrent response with increasing
time, while Pt-modified samples exhibit a linear response that
is associated with their stability (Figure 5f). The electro-
chemical impedance and Bode plots further confirm these
results (Figure 5g,h).
Detailed periodic DFT calculations were performed to trace

the stability and the role of Pt on two distinctive TiO2 surfaces,
which include TiO2(101) and (001). The configuration in
which the Pt atom is attached to the O2c on the TiO2(101)
surface exhibits a high adsorption energy value (Figure S14).
The high Eads values (1.55 eV) are calculated for Figure S14d,e
modes, where Pt atoms are either attached to two O2c atoms or
bonded to O2c and O3c, respectively. These two configurations
are the most stable adsorption sites for Pt single atoms on the
TiO2(101) surface. In contrast to the TiO2(101) surface, the
single Pt atoms strongly adsorb on TiO2(001), which can be
attributed to the reactivity of the TiO2(001) surface that
renders it more stable, thus, firmly interacting with the Pt
atoms (Figure 6a−d). The Eads values of all configurations are
greater than that of TiO2(101) with Eads = 2.21 eV being the
most stable adsorption configuration (Figure 6a). The bond
distance between Pt−O2c is 2.005 Å. It has been reported that
the stability of Pt atoms on oxide supports depends on the
surface atomic arrangement such as under-coordination,
surface defects, or existence of active ligands.53 For example,
Kwak et al.54 studied the anchoring of Pt on γ-Al2O3 using an
ultrahigh magnetic field, solid-state magic-angle spinning
nuclear magnetic resonance spectroscopy, and DFT studies.
The results showed that under-coordinated Al3+ (pentacoordi-
nate Al3+; Alpenta

3+) centers on γ-Al2O3 {100} facets anchored
Pt atoms. The wt % of Pt also affected the morphology of Pt
atoms. For example, low Pt content samples exhibited
atomically dispersed Pt atoms, while higher coverage resulted
in 2D Pt rafts. The DFT results also predict that the affinity of
the Pt atoms for different sites on the same surface is quite
different. Thus, it is difficult to achieve an entirely uniform
morphology of Pt cocatalysts on the TiO2 surface. However,
the synthesis parameters can be optimized to predominantly
grow Pt on the TiO2 surface in a specific morphology.

The calculated band structure and partial density of states
(PDOS) of pure and Pt-modified TiO2 surfaces (101) and
(001) are given in Figures S15 and S16, respectively. The
calculated band gap value of the pure TiO2(101) surface is
2.109 eV, which is low in contrast to the experimental value
(3.2 eV).55 However, this is due to the inherent DFT drawback
that undermines the electronic band gap.56 Still, this value is
closer to the reported value of the TiO2 bulk, which confirms
the reliability of our surface models.57 Interestingly, the band
gap value of pure TiO2(001) is much smaller (1.631 eV). This
behavior has been observed experimentally, where the optical
band gap value of TiO2 nanoparticles with the dominant (001)
surface is lower than that of TiO2 nanoparticles dominantly
grown along the <101> direction.58 Also, when single Pt atoms
are added to the surface, the band gap values are observed to
decrease. A significant decrease can be seen in TiO2(001)
(1.147 eV) in comparison to TiO2(101) (1.279 eV). This
shrinkage in the band gap energy will facilitate the light
absorption and transfer of electrons between the valence band
and the conduction band (CB). The PDOS shows new energy
states for the Pt-modified TiO2 surfaces near the Fermi level
(Figure S16c,d). The optical absorption spectra calculated
through DFT are presented in Figure S17. With the addition of
Pt, the peaks shift to low energy. Additionally, the TiO2(001)
surface shows a peak in the low energy level that is more
pronounced with the addition of Pt. Figure 6e,f shows the VB
spectra and DOS of pure TiO2 and Pt/T 4h samples. Pure
TiO2 and Pt/T 4h samples exhibit a VB edge position at 2.30
and 2.04 eV, respectively. Moreover, a band tail is visible in the
VB spectrum of the Pt/T 4h sample at around 1.75 eV. Based
on the calculated optical band gaps of pure TiO2 (3.15 eV) and
Pt/T 4h (3.05 eV), the corresponding conduction band edge
positions are 0.85 and 1.02 eV. The small discrepancy in these
values in contrast to previous reports can be attributed to the
structural variation of pure TiO2.

59 These results show that the
absorption edge of the Pt/T 4h sample is located at 2.04 eV
with an associated band tail of a maximum energy of 1.75 eV.
Furthermore, these results suggest that the band gap narrowing
occurs in Pt (4h)-modified TiO2 samples, which are in good
agreement with the optical band gap values and periodic DFT
results. We further performed ultraviolet photoelectron
spectroscopy (UPS) to determine the surface work function
of pure TiO2 nanosheets and the Pt/T 4h sample (Figure 7).
The work function of pure TiO2 is calculated to be 3.9 eV
while the work function of Pt/T 4h is determined to be 5.4 eV.
It has been reported that a metal−semiconductor junction

Figure 7. UPS spectra of the valence band of pure TiO2 nanosheets
and Pt/T 4h.
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could result in the formation of a Schottky junction. In this
scenario, the metal catalysts on the oxide surface, e.g., Pt on
TiO2, will work as an electron sink, which will ultimately
facilitate the charge separation efficiency due to Schottky
barriers.60 Additionally, the existence of metallic cocatalysts
can provide additional active sites on a catalyst surface. Among
the various metals, i.e., Au, Cu, Pd, etc., Pt is regarded as the
most efficient cocatalyst, which can be attributed to its large
work function and lower overpotential toward proton
reduction into H2.

61 The work function of Pt is 5.64 eV vs
Evacuum (1.1 eV vs normal hydrogen electrode, NHE), which is
positive than the conduction band of TiO2 (−0.26 eV vs
NHE).62 Thus, it is anticipated that the electrons will transfer
from TiO2 to Pt, which will improve the hole−electron
separation process. Additionally, Pt decoration on the surface
shifted the VB maximum and CB minimum, which improved
light harvesting and charge separation in Pt-modified TiO2.

■ CONCLUSIONS
The interaction of metal and oxide supports plays an important
role to stabilize and render reactivity to metal cocatalysts. This
behavior is more pronounced in atomically dispersed catalysts
where the metal−support bonds (metal−metal atomic bonds
are weaker than in isolated metals) are relatively stronger. This
strong interaction between the metal and oxide support is
pivotal in preventing aggregation of the metal atoms. The
systematic approach to develop atomically dispersed Pt atoms
on TiO2 nanosheets with the exposed (001) surface has been
successfully implemented. Pt-modified TiO2 nanosheets show
a robust and stable photocatalytic activity for the removal of
gaseous acetaldehyde. Also, atomically dispersed Pt atoms
exhibited higher photocatalytic activity than Pt nanoparticles.
The experimental results and periodic DFT calculations reveal
that the Pt atoms are more stable on the TiO2(001) surface
than the (101) surface. Pt exhibits a poor interaction with
TiO2(101) and likely results in aggregation and formation of
Pt clusters. The aggregation of Pt atoms into clusters and
nanoparticles occurs due to the insufficient anchoring effect of
the support to Pt atoms. Two fundamental properties are
improved, i.e., charge separation efficiency and light-harvesting
capability, which are responsible for the enhanced photo-
catalytic performance. Also, the adsorption capability was
observed to improve for the Pt-modified samples when
compared to pure TiO2. Our results suggest that decorating
TiO2 nanoparticles with atomically dispersed Pt will lead to an
efficient and stable photocatalyst that can be used for the
removal of indoor air pollutants. This study explores in detail
the role of Pt on TiO2 nanosheets and its potency for the
photocatalytic degradation of low content gas-phase acetalde-
hyde, which may be extended to different kinds of VOCs in the
future.
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