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ABSTRACT: Composite systems of P25 (titania) function-
alized with thioglycolic acid (TGA)-capped CdTe colloidal
quantum dots (QDs) were synthesized, structurally charac-
terized, and photocatalytically tested in the photocatalytic NOx
oxidation and storage during NO(g) + O2(g) reaction. Pure
P25 yielded moderate-to-high NO conversion (31% in UV-A
and 40% in visible (vis)) but exhibited extremely poor
selectivity toward NOx storage in solid state (25% in UV-A
and 35% in vis). Therefore, P25 could efficiently photooxidize
NO(g) + O2(g) into NO2; however, it failed to store
photogenerated NO2 and released toxic NO2(g) to the
atmosphere. CdTe QD-functionalized P25 revealed a major
boost in photocatalytic performance with respect to pure P25,
where NO conversion reached 42% under UV-A and 43% under vis illumination, while the respective selectivity climbed up to
92 and 97%, rendering the CdTe/P25 composite system an efficient broad-band photocatalyst, which can harvest both UV-A
and vis light efficiently and display a strong NOx abatement effect. Control experiments suggested that photocatalytic active sites
responsible for the NO(g) + O2(g) photooxidation and formation of NO2 reside mostly on titania, while the main functions of
the TGA capping agent and the CdTe QDs are associated with the photocatalytic conversion of the generated NO2 to the
adsorbed NOx species, significantly boosting the selectivity toward solid-state NOx storage. Reuse experiments showed that
photocatalytic performance of the CdTe/P25 system can be preserved to a reasonable extent with only a moderate decrease in
the photocatalytic performance. Although some decrease in the photocatalytic activity was observed after aging, CdTe/P25
could still outperform P25 benchmark photocatalyst. Increasing CdTe QDs loading from the currently optimized minuscule
concentrations could be a useful strategy to increase further the catalytic lifetime/stability of the CdTe/P25 system with only a
minor penalty in catalytic activity.
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1. INTRODUCTION

Air pollution caused by CO, SO2, NOx (e.g., NO, NO2, and
N2O), particulate matter, and unburned hydrocarbons is one
of the major global environmental challenges.1,2 During the
combustion of nitrogen-containing species in air, nitrogen can
be oxidized and form NO(g). With further oxidation of NO,
other more toxic NOx species, including NO2, can also be
formed. Nitrogen oxides are highly reactive and harmful air
pollutants, which can lead to acid rain, photochemical smog,
formation of secondary air pollutants, and ozone depletion.3,4

Photocatalytic NOx(g) oxidation and storage (PHONOS) is
an environmentally friendly and sustainable DeNOx technique,
in which airborne NOx is oxidized and stored on photocatalyst

surface in the form of solid-state nitrate species,5−8 which can
readily exploit abundant solar radiation under ambient
conditions (i.e., at room temperature). Photocatalysis for
DeNOx processes is typically initiated by the photogenerated
electron−hole pairs. The presence of adsorbed molecular water
together with dissociated water species, such as surface
hydroxyl groups, is crucial for the photocatalytic DeNOx
processes.9 Adsorbed water molecules on the surface of the
photocatalyst can also function as an electrolyte.10 Titanium
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dioxide (TiO2) is the most widely used semiconductor for the
photocatalytic decomposition of gaseous and liquid-phase
pollutants.11,12 TiO2 is abundant, cost-efficient, chemically and
thermally stable, hydrophilic, and also is capable of oxidizing
organic/inorganic species.13,14 Photocatalytic activity of TiO2
is governed by a multitude of complex chemical, physical, and
electronic properties, including the phase/crystal structure,
specific surface area (SSA), crystallite size, defect structure/
density, work function, and electronic band gap.15−20 In acidic
medium, anatase and brookite phases of TiO2 are metastable,
while the most stable form of TiO2 is the rutile phase. In basic
medium, anatase is more stable than rutile and brookite
phases.21 TiO2 has bulk band gap energy of 3.2 eV for the
anatase and 3.0 eV for the rutile.22 This wide band gap of TiO2
limits the efficient exploitation of the solar spectrum outside
the ultraviolet (UV) region. There have been numerous
attempts to enhance the photocatalytic efficiency of TiO2, e.g.,
via nonmetal doping,23,24 metal doping,25−28 and surface
modifications with polymers.29−31 In this study, a semi-
conductor CdTe-based colloidal quantum dot (QD) compo-
nent was introduced to the catalyst architecture so that the
photogenerated electrons from the QDs can be injected to the
conduction band of TiO2, whereas the photogenerated holes in
the valence band of TiO2 are transferred to the valence band of
the QDs.32 Incorporation of the QDs is also expected to
enhance the photon absorption in the visible (vis) region of
the solar spectrum and harvest a larger spectral span of the vis
light, which otherwise cannot be sufficiently absorbed by TiO2.
Hence, a major enhancement in the photocatalytic DeNOx
performance of TiO2 is anticipated upon the proposed QD
incorporation. Photocatalytic activity of different composite
materials was reported to be greatly enhanced with the
incorporation of CdTe QDs.33,34

Along these lines, we synthesized thioglycolic acid (TGA)-
capped CdTe QDs for the surface functionalization of TiO2.
Commercially available Degussa P25 (produced by Evonik,
purchased from Sigma-Aldrich) was employed as both the
benchmark TiO2 photocatalyst and the support material for
the QDs. P25 is a well-known photocatalyst, which has been
thoroughly utilized and characterized in a vast number of
former studies,35−39 including some of our former works.5−8

Direct comparison of raw/absolute photocatalytic activities of
different catalysts tested under different experimental con-
ditions, reactors, and illumination conditions may lead to
misleading conclusions. Thus, use of a benchmark catalyst and
reporting photocatalytic performance results relative to a
commonly used benchmark catalyst (P25) eliminates many
inconsistencies due to variations in the experimental
conditions.
P25 typically contains 78−85 wt % anatase, 14−17 wt %

rutile, and 0−13 wt % amorphous titania phases. Specific
surface area (SSA) of P25 was reported to range within 35−65
m2/g, where the currently used P25 material had an SSA of 50
m2/g. Characteristic particle size, pore volume, and pore
diameter of P25 were measured to be within 20−30 nm, 0.18−
0.25 cm3/g, and 7−18 nm, respectively.35−39 The copresence
of crystalline anatase and rutile domains in P25 and the
heterojunctions at their interfaces were reported to create a
synergetic effect enhancing photocatalytic activity.40,41 It was
claimed that photogenerated electrons of the rutile phase can
migrate to the conduction band of the anatase phase, which
could increase the lifetime of the photogenerated excitons and
decrease the recombination rate.42−44 On the other hand, such

a synergetic effect was not observable when separate anatase
and rutile phases were physically mixed together.45

Due to its large band gap (3.0−3.2 eV) and high electron−
hole recombination rate,22 P25 needs to be structurally
enhanced to enhance its photocatalytic NOx storage perform-
ance in both UV and vis spectral regions. Therefore, in this
study, a significant performance enhancement was achieved by
incorporating CdTe QDs on P25. Thioglycolic acid
(HSCH2COOH)-capped CdTe QDs were chosen owing to
their suitable band gap (1.96 eV) enabling vis light absorption.
CdTe QDs on P25 were expected to improve vis light
harvesting and decrease the electron−hole recombination rate.
Furthermore, utilized CdTe QDs were conveniently suspended
in an aqueous medium rather than an organic solvent. With the
volatile organic liquid-phase dispersants, sustaining the stability
of the colloidal suspension for extended durations of time
could be challenging due to the loss of the liquid medium via
evaporation. Moreover, organic molecules used in the
dispersant medium can readily functionalize P25 surface in
an uncontrolled and complex manner and change its
photocatalytic properties. These unwanted/uncontrolled sur-
face functionalities can also lead to unwanted surface
transformations/poisoning particularly under UV or vis
irradiation or upon exposing the photocatalyst to reaction
conditions.

2. EXPERIMENTAL SECTION
2.1. Synthesis of CdTe QDs. The protocol for the colloidal

synthesis of TGA-capped CdTe QDs dispersed in water was adopted
from the work of Rogach et al.46 First, 4.59 g of the Cd precursor
(cadmium perchlorate hexahydrate, Cd(ClO4)2·6H2O, Alfa Aesar)
was dissolved in 250 mL of Milli-Q water in a 1 L three-neck flask.
The reaction system was constantly stirred with a magnetic stirrer
throughout the synthesis protocol. Milli-Q water (250 mL) and
thioglycolic acid (TGA, 1 mL, 1.33 g; Sigma-Aldrich, 98%) were
injected simultaneously into the reaction flask. TGA was used as the
capping agent of the QDs. While the flask was stirred, 1 M sodium
hydroxide solution (NaOH(aq)) was prepared aside. This NaOH(aq)
solution was used to adjust the pH of the reaction system to ca. 11.8−
12.0. Next, 0.8 g of the Te precursor (aluminum telluride (Al2Te3),
Cerac Inc.) was placed into a 25 mL three-neck flask. As aluminum
telluride is extremely sensitive to oxygen, Ar(g) was used to sweep off
the oxygen from the reaction system. Since harmful hydrogen telluride
(H2Te) gas was released from the system in the next steps, an
absorption flask containing 10% NaOH(aq) solution was connected
to the system to capture H2Te(g) before escaping into the air. Then,
0.5 M sulfuric acid (H2SO4(aq)) was injected using a syringe into the
three-neck flask containing aluminum tellurite in a dropwise fashion.
H2Te(g) was released through the chemical reaction given in eq 1

Al Te (aq) 3H SO (aq) 3H Te(g) Al (SO ) (aq)2 3 2 4 2 2 4 3+ → +
(1)

H2Te(g) was passed through the reaction flask with Ar(g) flow for
half an hour until the color of the solution turned pink. Then, the 25
mL three-neck flask was detached from the system and the reaction
flask was heated at 100 °C, while condensing the evaporated water
vapor back into the reaction flask with the help of a chiller. QD
growth commenced with the boiling of the reaction suspension. By
altering the boiling time, the size of the QDs and the optical
properties can be tuned. After the 1st min of the boiling, emission
spectrum of the obtained QDs appeared blue. Within 5−10 min of
boiling, emission shifted to green and eventually to red. After deciding
on the emission wavelength, therefore the boiling time, the reaction
was stopped by cooling the reaction medium. Once the system was
cooled down, QDs were filtered and cleaned by centrifuging with
Milli-Q water at 4500 rpm for 5 min and they were stored in aqueous
medium in the dark at room temperature. For this particular work, the
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molar concentration of the QD suspension was increased 3 times. For
15 mL of QD aqueous suspension, 7.5 mL of isopropanol was added
to precipitate the dots. After centrifuging and drying, the precipitated
dots were added to 5 mL of Milli-Q water.
2.2. Synthesis of CdTe/P25 and CdTe/Al2O3 Composite

Materials. For the preparation of CdTe(aq)/TiO2 composite
materials, different volumes of the CdTe aqueous suspension with a
CdTe QD concentration of ca. 5.4 × 10−5 M were drop-cast on 250
mg of P25 TiO2 powder in a 6 cm diameter Petri dish. After physically
mixing for 2 min, the slurry was placed in an oven and dried at 70 °C
for 18 h (see Figure S2 in the Supporting Information). To rule out
any major influence of aqueous dispersant on photocatalytic activity
measurements, control experiments were performed, where pure
H2O(l) was dosed on P25 with volumes that were identical to the
ones used in QD functionalization. Since the capping agent (i.e.,
TGA) can also play a part in the photocatalytic DeNOx process,
additional control experiments were carried out, where TGA(aq) was
dosed on P25. The aqueous solution of TGA was prepared according
to the initial concentration of TGA in the colloidal synthesis of the
QDs. For this reason, 1 mL (1.33 g) of TGA was dispersed in 250 mL
of deionized water. The solution was sonicated for 30 min. The same
steps were followed for the H2O(l)/TiO2 and the TGA(aq)/TiO2
control samples. Further control experiments using CdTe/P25
without TGA capping were not performed, as removal of TGA
capping may lead to structural modifications in the CdTe system,
agglomeration of QDs, and deposition of TGA or other organic
residues on titania. For additional control experiments without titania,
CdTe/Al2O3, TGA(aq)/Al2O3, and H2O(l)/Al2O3 materials were
also prepared in an identical fashion with respect to their titania
analogues, where SASOL Puralox SBA200 γ-Al2O3 was used as the
(nonphotocatalytic) support material. Acronyms of the prepared
samples and the amounts of the chemicals used in their preparations
are listed in Table S1.
2.3. Characterization. X-ray diffraction (XRD) patterns of the

samples were obtained by using a Panalytical Multi-Purpose X-ray
diffractometer equipped with a Cu Kα (1.5405 Å) X-ray source
operating at 45 kV/40 mA. Transmission electron microscopy
(TEM), high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM), and energy-dispersive X-ray analysis
(EDX) measurements were carried out using an FEI Tecnai G2F30
transmission electron microscope. A Cary 100 UV−vis spectrometer
was used for acquiring UV−vis absorption spectra. Diffuse reflectance
UV−vis (DR-UV−vis) spectra were obtained using a Cary 5000 UV−
vis−NIR spectrometer equipped with a Varian Cary 2500 DR
accessory. Photoluminescence (PL) of the QDs was measured by
using a Cary Eclipse Fluorescence Spectrophotometer. The absolute
photoluminescence quantum yield (PL-QY) of CdTe QDs was
measured by using integrating sphere with the help of Ocean
Maya2000 Spectrometer. Time-resolved fluorescence measurements
were conducted using a PicoQuant FluoTime 200 Spectrometer
equipped with a picosecond pulsed laser excitation source (375 nm),
and the fluorescence decay curves were recorded with TimeHarp
time-correlated single-photon counting unit. The Brunauer−
Emmett−Teller (BET) specific surface area (SBET, m

2/g) measure-
ments were carried out by low-temperature isothermal adsorption−
desorption of N2 using a Micromeritics TriStar 3000 apparatus. X-ray
photoelectron spectroscopy (XPS) measurements were performed
using a Thermo Fisher K-Alpha X-ray photoelectron spectrometer
with monochromatized X-rays of 1486.6 eV.
2.4. Photocatalytic NOx Oxidation and Storage Measure-

ments. Photocatalytic NOx oxidation and storage performance
measurements were conducted using a custom-design photocatalytic
flow reactor system shown in Figure S1, which was designed
considering the ISO 22197-1:2007 standard.47−49 Inlet gas mixture
that was introduced to the reactor contained 0.750 standard liters per
minute (SLM) N2(g) (purity: 99.99%, Linde GmbH), 0.250 SLM O2
(purity: 99%, Linde GmbH), and 0.010 SLM NO (100 ppm NO(g)
diluted in balance N2(g), Linde GmbH). To obtain the gas flow
values given above, mass flow controllers (MKS1479A for N2(g) and
O2(g) and Teledyne HFC-202 for NO(g) diluted in N2(g)) were

utilized so that the total gas flow over the photocatalyst was kept at
1.010 SLM, where the NO(g) content of the inlet gas mixture was
fixed at 1 ppm. The pressure inside the reactor was kept at ca. 1 bar
and measured via a MKS Baratron 622B capacitance manometer.
Humidity of the inlet gas mixture was also carefully controlled by
dosing varying amounts of water vapor into the inlet gas mixture (i.e.,
before the reactor entrance; see Figure S1) with the help of a
PermSelect (PDMSXA-2500) semipermeable membrane module
attached to an external variable-temperature water chiller/recycler.
Typical relative humidity of the reactor was kept within 50 ± 3% at 23
± 2 °C, measured at the sample position using a Hanna HI 9565
humidity analyzer. Changes in the NO, NO2, and total NOx gas
concentrations at the outlet of the reactor were monitored using a
chemiluminescent NOx analyzer, Horiba Apna-370 (Figure 1) with a
sensitivity level of 0.1 ppb.

For the experiments performed with UV-A irradiation, an 8 W UV-
A lamp (F8W/T5/BL350, Sylvania, Germany) was used, while for the
experiments carried out with vis light illumination, a 35 W metal
halide lamp (HCI-TC 35 W/942 NDL PB 400−700 nm range,
Osram) was utilized. Since the currently used vis light source also
emitted a limited but detectable flux of UV light, a commercial vis-
transparent UV-blocker/filtering film (LLumar window film UV CL
SR PS (clear)) was placed on top of the reactor during the vis light
experiments. This was crucial for ruling out any contribution from UV
photons during the vis light illumination. The incoming light flux was
measured carefully before and after each UV-A and vis light
measurements separately with a photoradiometer (HD2302.0, Delta
Ohm/Italy) using a UV-A probe (315−400 nm) and a PAR vis probe
(400−700 nm), respectively. Typical vis light photon flux used in the
current experiments was within 450−500 μmol/(m2 s), while typical
UV-A-light power density was 7.7−8.3 W/m2. Note that the photon
flux of the vis light source was about 15 times greater than that of the
UV-A light source. Relative percentile of vis photon flux in typical
solar radiation is also significantly greater than that of UV-A photon
flux (i.e., 42% vis vs 6% UV-A). Reactor temperature remained within
23 ± 2 °C during UV-A measurements, whereas during vis light
experiments, reactor temperature reached up to 42°C after a typical
60 min photocatalytic activity test.

For each photocatalytic performance measurement, 200 mg of the
photocatalyst was pressed into a 0.5 mm deep 40 × 40 mm

Figure 1. Representative concentration vs time plot for a photo-
catalytic NOx oxidation and storage experiment measured via
chemiluminescence NOx analyzer located at the outlet of the reactor,
where the bottom (red) profile shows NO2(g) concentration, the
middle (black) profile shows NO(g) concentration, and the top
profile (blue) shows total NOx(g) concentration defined by the
summation of NO(g) and NO2(g) concentrations, all as a function of
time.
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poly(methyl methacrylate) (PMMA) sample holder. Figure 1 shows a
typical concentration versus time curve for a photocatalytic activity
test. In this experiment, an inlet gas mixture containing 1 ppm NO(g)
was initially fed to by-pass line of the reactor in dark (t < 0 min).
At t = 0 min, gas mixture was introduced into the reactor in the

dark, leading to a transient decrease in NO(g) due to the expansion of
the gas into the reactor and adsorption on the reactor walls and
catalyst surface (Figure 1). Note that there was no photocatalytic
action at this time as irradiation source was still turned off. Hence, the
decrease in NO(g) concentration was minuscule and also temporary.
At ca. t = 12 min, irradiation light source was turned on, resulting in
drastic and longer-term changes in NO(g) and NO2(g) concen-
trations due to the photocatalytic action, where increase in NO2(g)
level was caused by NO(g) oxidation and decrease in NO(g) level was
due to both NO2(g) generation and solid state NOx storage
(PHONOS) on the photocatalyst surface.

3. RESULTS AND DISCUSSION
3.1. Characterization of As-Prepared Catalysts. Figure

2a shows the bright-field high-resolution TEM image of the
CdTe/TiO2 composite system revealing CdTe QDs dispersed
on P25 (titania) support material. HAADF-STEM image given
in Figure 2b reveals that CdTe QDs have an average particle
size of 3.5−4.0 nm. High-resolution TEM image of the QDs
directly obtained from the aqueous suspension without P25
(Figure 2c) suggests that QD average particle size remained
almost constant after their incorporation on the P25 surface
due to the TGA-capping on CdTe, preventing agglomeration.
EDX data corresponding to QDs directly obtained from the
aqueous suspension without P25 presented in Figure 2d clearly
verifies the presence of Cd and Te. QDs were found to be
composed of 62 wt % Cd and 38 wt % Te with an atomic
composition of Cd0.65Te0.35. Note that the S signal in the EDX
spectrum in Figure 2d originates from the TGA capping agent
and Cu signal is associated with the TEM sample holder grid.
Crystal structures of the CdTe QDs, P25, and CdTe/P25

composites were investigated by XRD (Figure 3). XRD profile
for CdTe QDs without TiO2 (Figure 3a) reveals diffraction

signals at 23.7, 39.8, and 46.5°, which can readily be assigned
to (111), (220), and (311) facets of CdTe nanoparticles
having zinc-blende structure, respectively.46 As can be expected
from small nanoparticles with an average particle size in the
range of 3−4 nm, XRD signals for QDs are fairly broad (Figure
3a).50 XRD profile of P25 presented in Figure 3b exhibits
characteristic diffraction signals indicating the presence of
typical anatase and rutile domains. Diffraction patterns of the
QD-functionalized CdTe/P25 composites have identical XRD
profiles to P25, for all of the CdTe loadings used in the current
work. This is consistent with the small loadings and small
particle sizes of the CdTe QDs utilized for the functionaliza-
tion of P25, which do not lead to any discernible diffraction
signals in XRD pattern. The use of minuscule loadings of
CdTe is advantageous in terms of minimizing material cost and
toxicity.51,52

Figure 2. (a) Bright-field TEM image of CdTe/P25 composite material. (b) HAADF-STEM image of CdTe/P25. (c) TEM image of CdTe
quantum dots without TiO2. (d) EDX spectrum of the CdTe quantum dots.

Figure 3. XRD patterns of (a) CdTe QDs without TiO2 and (b) P25
and CdTe/P25 composite materials with increasing CdTe QD
loadings. A: anatase (ICDD card no.: 00-021-1272), R: rutile (ICDD
card no.: 00-021-1276).
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Figure 4 presents the XPS analysis results of the CdTe/P25
composite system. In Figure 4a, Ti 2p1/2 and Ti 2p3/2 features
of P25 (TiO2) can be observed at 464.1 and 458.5 eV,
respectively. These binding energy values are about 0.6 eV
lower than the typical values of P25 (data not shown),
indicating an active electronic interaction between CdTe QDs
and the titania support in the CdTe/P25 composite system in
very good accordance with similar observations on carbon
quantum dot (CQD)-functionalized P25 systems (i.e., CQD/
P25).52 The presence of a Cd 3d5/2 feature at 405.0 eV in
Figure 4b suggests the existence of predominantly CdTe
species and the lack of significant amounts of CdOx. The Te
3d5/2 feature located at 575.5 eV in Figure 4c is slightly higher
than the Te 3d5/2 states expected in CdTe.53 Thus, in addition
to CdTe species, the presence of additional TeOx species
cannot be ruled out. The O 1s feature at 529.5 eV in Figure 4d
corresponds to the oxygen species in the P25 structure,
whereas the O 1s feature at 532.1 eV can be attributed to
oxygen species linked to C atoms in the TGA capping agent.54

C 1s signal at 284.9 eV in Figure 4e can be ascribed to surface
(adventitious) carbon on P25, whereas the C 1s shoulder at
288.4 eV can be associated with C species in the TGA capping
agent. The presence of sulfur is also evident by the weak S 2p
signal located at 162.5 eV in Figure 4f. Surface atomic
compositions were also determined using the XPS data, as
shown in Figure 4g. It is apparent that surface of the CdTe/
P25 system contained a large amount of carbon (35.5 atom %)
mostly due to adventitious C on P25 with a smaller
contribution due to C species associated with the TGA
capping agent. The presence of a significant amount of
adventitious C on pure P25 (i.e., without CdTe QDs) was also
observed in our former XPS measurements on pure P25 (data
not shown) and most likely originated from the organic ligands
of the Ti precursors used in TiO2 synthesis that were not
entirely removed from the surface after calcination. Surface of
the CdTe/P25 system also revealed 44.6 atom % oxygen and
0.9 atom % sulfur, where the latter exclusively originated from
the TGA capping agent. XPS analysis also indicated the

Figure 4. XPS analyses of the CdTe/P25 composite material: (a) Ti 2p, (b) Cd 3d, (c) Te 3d, (d) O 1s, (e) C 1s, (f) S 2p regions, and (g) surface
atom % values obtained via integrated XPS peak areas that were normalized using the corresponding photoemission cross sections.

Figure 5. (a) Tauc plot for pure CdTe QDs (i.e., without P25) obtained from DR-UV−vis spectrum (inset shows the corresponding UV−vis
absorbance and photoluminescence (PL) spectra), (b) UV−vis absorbance spectra of CdTe/TiO2 composite material (inset shows the detailed
view of the shoulder due to CdTe absorption edge).
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presence of 1.0 atom % Cd and 0.2 atom % Te on the CdTe/
P25 surface, which was consistent with the small CdTe
loadings used in the current work. Differences between the
relative Cd and Te elemental composition values obtained by
TEM-EDX (Figure 2d) as opposed to XPS (Figure 4g) can be
explained by considering the fact that TEM-EDX measure-
ments are local in nature. In other words, TEM-EDX
measurements involve a spot size (beam size), which is only
a few nanometers in diameter. On the other hand, during the
XPS measurements, a much larger spot size is irradiated by X-
rays with a diameter in the millimeter range. However, both of
the current TEM-EDX and XPS experiments unequivocally
verify the presence of Cd and Te in the CdTe QD system,
where Cd exists in a relatively excess amount.
The Kubelka−Munk function, F(R) given in eq 2,55 allows

the estimation of the optical absorption of a sample from its
reflectance (R)

F R
R

R
( )

(1 )
2

2

= −
(2)

Accordingly, the calculation of direct or indirect band gaps can
be done according to Tauc expression (eq 3)56

h A h E( ) ( )n
gνα ν= − (3)

where Eg is the band gap, h is Planck’s constant, v represents
the photon frequency, α is the absorption coefficient, and A is
the proportionality constant. For direct band gap materials, n =
2, whereas for indirect materials, n = 0.5. Since CdTe is a direct
band gap semiconductor, n was taken as 2.
Figure 5a presents the Tauc plot for the CdTe QDs

(without P25) revealing a direct band gap of 1.96 eV (632
nm). As expected, this is higher than the band gap of bulk
CdTe (1.44 eV)57 due to quantum size/confinement
effect.58,59

The inset in Figure 5a shows that CdTe QDs have an
absorption shoulder at 558 nm and exhibit a photo-
luminescence spectrum with an emission maximum at 595
nm. Thus, it is apparent that CdTe QDs can harvest both UV
and vis light. Figure 5b shows the UV−vis absorption spectrum
of CdTe/P25 composite material. CdTe/P25 also features the
characteristic absorption shoulder for CdTe QDs with a
maximum at 558 nm and an additional edge for the adsorption
of P25 starting at ca. 400 nm (i.e., 3.09 eV) consistent with the
band gaps of the rutile (3.0 eV) and anatase (3.2 eV) phases in
P25.22

The average size of the CdTe quantum dots can be
estimated using the data in Figure 5 and the empiric relation
given in eq 4,60 where D is the average diameter of CdTe
particles and λ is the wavelength of first excitonic absorption
peak (i.e., 558 nm).

D (9.8127 10 ) (1.7147 10 )

(1.0064) (194.84)

7 3 3 2λ λ

λ

= × − ×

+ −

− −

(4)

Accordingly, the average diameter of the CdTe QDs was
estimated to be 3.3 nm, which is in perfect agreement with the
current TEM data (Figure 2). One can also estimate the
extinction coefficient of the CdTe QDs using eq 5,60 where ΔE
is the transition energy (i.e., 2.22 eV) corresponding to the first
absorption peak at 558 nm.

E D3450 ( )2.4ε = Δ (5)

Hence, the extinction coefficient of CdTe QDs can be found as
1.55 × 105 cm−1 M−1. This information can also be exploited
to determine the effective concentration of CdTe QDs in the
prepared aqueous suspensions for photocatalyst synthesis. To
this end, we resort to the Beer−Lambert law given in eq 6,
where A is the absorbance at the first excitonic peak (i.e.,
0.269), ε is the extinction coefficient (1.55 × 105 cm−1 M−1), c
is the concentration, and b is the path length (i.e., 1 cm)

A bcε= (6)

Thus, for a 100 μL CdTe QD suspension diluted in 3 mL of
water, CdTe concentration can be found as ca. 1.74 × 10−6 M,
while the QD suspension used in the preparation of CdTe/P25
photocatalysts can be estimated to be ca. 5.4 × 10−5 M.
To further understand the emission properties of our QD

samples, we measured its PL quantum yield (PL-QY) and
fluorescence lifetime in solution. The PL-QY of the QDs was
found to be 40%, which is in a good agreement with the
literature.46 Moreover, the time-resolved PL decay of CdTe
QDs in the absence of P25 is depicted in Figure 6. The decay
curve was fitted with three-exponential functions, and the
amplitude-averaged fluorescence lifetime of the sample was
found to be ca. 20.6 ns.

3.2. Photocatalytic Removal of NO(g). Photocatalytic
activity measurements were conducted using either UV-A or
vis light (Figure 7) irradiation sources over fresh or aged
CdTe/P25 catalysts with varying CdTe loadings. Aged
catalysts were prepared by exposing the catalysts to UV-A or
vis light source under ambient conditions for 18 h prior to the
photocatalytic activity measurements. Furthermore, additional
photocatalytic activity measurements were also carried out
with control samples, including pure P25, TGA(aq)/P25,
H2O(l)/P25, alumina, CdTe/alumina, TGA(aq)/alumina, and
H2O(l)/alumina.

3.2.1. Photocatalytic Performance of P25 Titanium
Dioxide Benchmark Photocatalyst. PHONOS performance
of pure P25 in fresh and aged forms was investigated under
UV-A and vis illumination, and the results are presented in
Figure 7a,b along with their corresponding DeNOx index
values (Figure 8a,b), respectively. It is apparent that both fresh
and aged P25 had moderate-to-high NO conversion (31% in

Figure 6. Time-resolved photoluminescence (PL) decay of CdTe
quantum dots (without P25).
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UV-A and 40% in vis) and relatively low selectivity (25% in
UV-A and 35% in vis). Aging did not lead to very significant
changes in PHONOS performance of P25. Conversion and
selectivity of P25 were found to be higher in the vis light
experiments. However, this does not mean that P25 was more
active under vis light, since the photon flux used in the vis
experiments was about 15 times greater than that of UV-A
experiments. This is also evident in the corresponding %
photonic efficiency results presented in Figure S3, suggesting
significantly lower % NOx storage photonic efficiency for P25
under vis illumination compared to UV-A. On the other hand,
it is important to emphasize that under currently used vis
photon flux values, P25 had a considerable photocatalytic
activity. Nevertheless, under all of the currently investigated
conditions, pure P25 titania had significantly negative DeNOx
index values (Figure 8a,b), suggesting that in NO(g) + O2(g)
reaction, P25 tends to increase the toxicity of the gas mixture
rather than providing photocatalytic NOx abatement. In other
words, P25 can efficiently photooxidize NO(g) + O2(g) into
NO2; however, it fails to store photogenerated NO2. Instead, it

releases toxic NO2(g) to the atmosphere in perfect agreement
with previous studies.9,61

3.2.2. Photocatalytic Performance of Fresh CdTe/P25
Composite Photocatalysts. Incorporation of fresh CdTe QDs
on P25 was found to result in a minor increase in NO
conversion both under UV-A and vis irradiation as opposed to
pure P25, where the increase in NO conversion was
particularly more pronounced in UV-A case (Figure 7a,b).
For the fresh 1.0 CdTe/P25 catalyst, NO conversion reached
42 and 43%, while selectivity reached 92 and 97% under UV-A
and vis illumination, respectively. For the fresh CdTe/P25
catalysts with different QD loadings, a volcano behavior in
PHONOS performance was visible, in terms of both NO
conversion and selectivity values (Figure 7a,b) as well as in
terms of DeNOx index values (Figure 8a,b). It was observed
that fresh 1.0 CdTe/P25 and 2.0 CdTe/P25 samples delivered
the best photocatalytic NOx abatement performances with the
most positive DeNOx index values under both UV-A and vis
illumination conditions. Fresh 1.0 and 2.0 CdTe/P25 photo-
catalysts were able to store significant amounts of NOx in the

Figure 7. NO conversion and selectivity results for fresh and aged titanium dioxide (P25) and CdTe/P25 under (a) UV-A irradiation and (b) vis
irradiation; H2O(l)/P25 under (c) UV-A irradiation and (d) vis irradiation; and TGA(aq)/P25 and TGA (pure)/P25 under (e) UV-A irradiation
and (f) vis irradiation.
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solid state, while suppressing NO2(g) release almost
completely both under UV-A and vis irradiation. In other
words, fresh 1.0 and 2.0 CdTe/P25 photocatalysts were
capable of efficiently harvesting solar radiation in a quite broad
spectral window starting from UV-A and extending toward vis
region. Thus, it is clear that incorporation of CdTe quantum
dots to titania changed the negative DeNOx index of pure
titania P25 (−0.42 in UV-A and −0.35 in vis) to significantly
positive values (+0.35 in UV-A and +0.40 in vis), rendering the
fresh CdTe/P25 system an efficient broad-band photocatalyst
with a strong NOx abatement effect. Figures 7a and 8a reveal
that very high loadings of CdTe (e.g., fresh 2.0 CdTe/P25) led
to a minor but detectable attenuation of NO conversion and
selectivity under UV-A irradiation. This was probably due to
the blocking/quenching of the photocatalytic active sites of
titania (that can harvest UV-A photons) or substitution of the
surface −OH functionalities of titania with TGA capped-QDs
at high QD surface coverages. In contrast, under vis irradiation
(Figures 7b and 8b), fresh and aged 2.0 CdTe/P25 can still
exhibit relatively good performance. This may suggest that

both QDs and titania sites are associated with the vis-active
sites of the catalytic system.
Photocatalytic performance trends discussed above suggest

that the primary photocatalytic active sites of the CdTe/P25
system that are responsible for the NO(g) + O2(g)
photooxidation process reside on titania, since addition of
TGA-capped CdTe QDs led to only a minor boost in NO
conversion. However, a synergistic effect between CdTe QDs
and titania (moderately increasing the NO conversion
capability) cannot be ruled out, particularly under UV-A
irradiation. On the other hand, while QDs seem to increase
NO conversion to a certain extent, the more noteworthy
function of TGA-capped CdTe QDs is probably the photo-
catalytic conversion and storage of photogenerated NO2
species into other oxidized surface species, such as HONO,
HONO2, NO2

−, NO3
−, and −S−R−NOx (i.e., NOx bound to

TGA). It is well known that NO(g) + O2(g) mixtures as well
as NO2(g) can readily adsorb on numerous metal oxide
surfaces in the form of nitrates, nitrites, as well as their
protonated acidic forms.62−68 NOx adsorption and successive

Figure 8. DeNOx index results of fresh and aged titanium dioxide (P25), CdTe/P25, H2O(l)/P25, TGA(aq)/P25, and TGA (pure)/P25 under (a)
UV-A and (b) vis irradiation.
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oxidation and storage in the form of nitrates also serve as the
basis of the nonphotocatalytic technology called NOx storage
reduction, which is also called lean NOx traps that is
commonly used in tail-pipe emission control systems of
automobiles. As will be demonstrated below via further control
experiments with TGA(aq)/TiO2, NO2 capture cannot be
solely achieved by the TGA capping (without CdTe QDs)
through a simple adsorption process, but rather involves a
photocatalytic action triggered by the entire TGA-CdTe QD
system.
3.2.3. Photocatalytic Performance of Aged CdTe/P25

Composite Photocatalysts. Aging of the CdTe/P25 photo-
catalysts under UV-A or vis irradiation for 18 h under ambient
conditions led to interesting alterations in the photocatalytic
performance trends (Figures 7 and 8). In the case of UV-A
irradiation (Figures 7a and 8a), NO conversion was not
notably affected by aging up to a QD loading of 2.0 mL, while
selectivity severely decreased. In other words, while aged
CdTe/P25 catalysts were still able to carry out NO(g) + O2(g)
photooxidation process efficiently, they failed to store the
generated NO2 species on the catalyst surface. Instead, they
released NO2(g) to the atmosphere, decreasing selectivity. We
believe that this could be due to degradation of the organic
TGA capping on the CdTe QD and/or oxidation of the QD
system. Under UV-A illumination, for the aged CdTe/P25
catalysts with 0.1, 0.5, and 1.0 mL QD loadings (Figure 7a),
NO conversion seemed to be unaffected by the aging process,
suggesting that most of the photocatalytic active sites on titania
domains could still function. However, low selectivity within
this QD loading region indicates that TGA-capped CdTe
system undergoes unfavorable transformations upon extended
illumination under UV-A. An interesting behavior was also
observed for the UV-A aged 2.0 CdTe/P25 sample. For this
catalyst, active sites of titania responsible for the NO(g) +
O2(g) photooxidation were partially poisoned/inhibited by the
UV-A aging process, decreasing the NO(g) + O2(g) photo-
oxidation rate along with the NO2(g) generation rate. Thus,
this relatively smaller amount of NO2(g) can readily/effectively
be stored on the UV-A aged 2.0 CdTe/P25 surface, leading to
a high selectivity at the expense of diminished NO conversion.
Accordingly, this particular catalyst showed a small but positive
DeNOx index, unlike all of the other UV-A aged CdTe/P25
samples.
Similar aging characteristics at least to a certain extent were

also observed for the vis light experiments (Figure 7b). In
other words, for the vis-aged CdTe/P25 catalysts with 0.1, 0.5,
and 1.0 mL QD loadings, poisoning of titania due to
degradation of the TGA-capped CdTe QDs led to decreased
NO conversion and thus lower rates of NO2(g) generation and
concomitantly higher selectivity. Interestingly, vis-aged 2.0
CdTe/P25 catalyst was still capable of preserving both its NO
conversion and selectivity upon aging. Hence, increasing CdTe
QD loading under vis irradiation could be an efficient strategy
to extend the catalytic lifetime of the CdTe/P25 photocatalytic
architecture. It is important to note that for the vis-aged
samples, ultimate DeNOx index was achieved by the 2.0
CdTe/P25 sample (Figure 8b).
To understand the origin of the higher NO conversion and

selectivity of CdTe/P25 composite system, comprehensive
control experiments were conducted. These experiments were
geared toward identifying the catalytic functionality of the
individual structural components of the catalyst architecture

(QD dispersant medium (i.e., H2O)) as well as the influence of
the TGA capping agent.

3.2.4. Effect of H2O(l) on Titanium Dioxide (P25)
Photocatalysis. To understand the effect of the aqueous
dispersant (H2O(l)) on the PHONOS performance of the
CdTe/P25 system, fresh and aged H2O(l)/P25 samples were
prepared with the same volumes used in the CdTe/P25
preparation and tested under UV-A or vis illumination (Figures
7c,d and 8a,b). It is apparent that addition of increasing
loadings of H2O(l) increases both the NO conversion and
selectively under both UV-A and vis light for the fresh
catalysts. Enhancement of NO conversion and selectivity upon
water addition can be attributed to the formation of surface
hydroxyl/hydroxide functionalities, which may enhance both
NO(g) + O2(g) photooxidation and the storage of the
photocatalytically generated NO2 in the form of HONO(ads)
or HONO2(ads). Upon aging with UV-A or vis, photocatalytic
trends tend to converge to that of pure P25, possibly due to
photon-induced desorption of water or formation of oxygen
vacancies triggering water loss or dehydroxylation of the titania
surface.
It is apparent that the enhanced NO conversion observed for

the TGA(aq) added P25 samples given in Figure 7e,f is most
likely due to the aqueous content of TGA(aq). On the other
hand, in all of the investigated H2O(l)/P25 cases, enhance-
ment in the selectivity due to water addition was not
comparable to that of the fresh 1.0 CdTe/P25 and 2.0
CdTe/P25 samples, suggesting that the aqueous dispersant in
the CdTe suspension could not be solely responsible for the
boost in PHONOS performance of CdTe/P25 composite
system.

3.2.5. Effect of Thioglycolic Acid Capping (TGA) on
Titanium Dioxide (P25) Photocatalysis. The influence of
TGA on titania photocatalysis was investigated in control
experiments given in Figures 7e,f and 8a,b. In these control
experiments, photocatalytic performance of both fresh and
aged (under UV-A or vis) TGA(aq)/P25 samples were tested
in comparison to pure P25. Data corresponding to fresh 0.1
TGA(aq)/P25 (Figure 7e) suggested that addition of TGA-
(aq) slightly increased the NO conversion (as will be
demonstrated in the next section, the increase in NO
conversion due to TGA(aq) addition on P25 was due to the
enhancement provided by H2O(l) in the TGA aqueous
solution, rather than the TGA itself) along with a notable
increase in selectivity under UV-A illumination. However, the
selectivity for fresh 0.1 TGA(aq)/P25 was limited to ca. 50%,
which was much lower compared to the fresh 1.0 CdTe/P25
catalyst (Figure 7a), where the selectivity exceeded 90%. Upon
increasing the TGA(aq) loading to 0.5 mL and then dosing 0.1
mL of pure TGA, fresh TGA/P25 samples showed first a
drastic fall followed by the complete loss of NO conversion
under UV-A light (Figure 7e). This is consistent with the
poisoning and blocking of the active sites of titania with
moderate or high loadings of TGA. A similar behavior was also
observed for the TGA/P25 samples aged under UV-A (Figure
7e). Analogous control experiments performed under vis
illumination for fresh and vis light aged TGA/P25 catalysts
(Figures 7f and 8b) revealed similar trends, although the initial
rise in selectivity for the low loadings of TGA (i.e., fresh 0.1
TGA(aq)/P25) was about 70%. Thus, overall, it was observed
that in the absence of CdTe, low loadings of TGA(aq) on P25
provided a minor boost in the NO conversion and a moderate
rise in the selectivity. However, the rise in neither selectivity
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nor NO conversion did not match that of the fresh 1.0 CdTe/
P25 system. Along these lines, it can be argued that TGA
surface functionalities had a capability to bind to photo-
catalytically generated NO2 to form −S−R−NOx surface
species and enhance selectivity. Furthermore, at moderate-to-
high loadings of TGA directly bound to titania, photocatalytic
action of titania was first drastically hindered and then totally
terminated. In other words, in the absence of CdTe, addition
of only TGA(aq) or pure TGA on P25 did not lead to high
enough photocatalytic performance that was observed for fresh
CdTe/P25 composite system. Hence, the photocatalytic
activity boost observed for the TGA-capped CdTe/P25 system
cannot be solely attributed to the TGA/P25 interface nor to
the TGA surface functionalities as the DeNOx index of all of
the investigated TGA/P25 samples were much lower than that
of the optimal CdTe/P25 catalyst (Figure 8a,b).
3.2.6. Control Experiments without Titanium Dioxide

(P25). To demonstrate the intrinsic photocatalytic activity of
the structural subcomponents of the CdTe/P25 system other
than the titania domains, further control experiments were
carried out without titania. For this purpose, γ-Al2O3 (SBET =
200 m2/g) was chosen as a nonphotocatalytic support material
and the photocatalytic performances of pure alumina, 2.0
H2O(l)/alumina, 0.1 TGA(aq)/alumina, and 2.0 CdTe/
alumina were investigated (Figure 9). As expected, pure
alumina, 2.0 H2O(l)/alumina, and 0.1 TGA(aq)/alumina
systems were completely inactive, revealing no significant
photocatalytic conversion. On the other hand, both fresh and
aged 2.0 CdTe/alumina samples showed notable activity under
UV-A as well as vis irradiation. These observations suggest that

CdTe QDs could have some contribution in both NO(g) +
O2(g) photooxidation and the storage of the photocatalytically
generated NO2 in the CdTe/P25 system, where the latter is
the more prominent effect.

3.2.7. Reuse Measurements. To demonstrate the longer-
term performance of the CdTe QD-functionalized titania
systems, reuse experiments were performed as shown in
Figures 10 and 11 under UV-A and vis illumination and were
compared to those of P25. In these experiments, each catalyst
was exposed to five successive photocatalytic runs, each of
which lasted 60 min. As can be seen in Figure 10a, under UV-A
illumination, NO conversion of P25 remained rather intact at
30%, while its already low initial selectivity of 23% further
dropped to 17% after five runs. In other words, under UV-A
illumination after five runs, P25 generated mostly toxic
NO2(g) species rather than performing any noteworthy
amount of NOx abatement. Under vis illumination, initial
40% NO conversion of P25 decreased to 37% after five runs
while its selectivity decreased from 36 to 31%. Therefore, P25
preserved its severely negative DeNOx index in all of the reuse
experiments under both UV-A and vis irradiation (Figure 11).
It was apparent that 2.0 CdTe/P25 systems could significantly
outperform pure P25 not only in terms of the initial
performance, but also after five runs under both UV-A and
vis illumination. Under UV-A illumination, initial 38% NO
conversion of 2.0 CdTe/P25 decreased to 20%, while its
initially high selectivity of 94% was preserved at a high level of
74% after five runs. Likewise, under vis illumination, NO
conversion of 2.0 CdTe/P25 decreased from 42 to 25% after
five runs, while maintaining its extremely high initial selectivity

Figure 9. Photocatalytic performance results for pure alumina, 2.0 H2O(l)/alumina, 0.1 TGA(aq)/alumina, and 2.0 CdTe/alumina under (a) UV-
A irradiation and (b) vis irradiation. Corresponding DeNOx index values for (c) UV-A irradiation and (d) vis irradiation.
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of 94%, revealing only a minor decrease to 84% after five runs.
It is important to note that after five runs, even if the DeNOx

index of 2.0 CdTe/P25 shows an attenuation, it still maintains
positive DeNOx index values under both UV-A and vis
irradiation, outperforming P25 (Figure 11).
3.2.8. Effect of Temperature on Titanium Dioxide (P25)

Photocatalysis under Vis Light Illumination. In the currently
presented photocatalytic measurements, temperature of the
reactor stayed within 20−25 °C during the UV-A measure-
ments, while it reached up to 40−45 °C during the vis light
experiments. This was due to the differences in the emission
spectra of the UV-A and vis light sources utilized. Thus, it was
important to elucidate the contribution of thermal chemistry/
catalysis and verify whether the observed catalytic enhance-
ment under vis light illumination originated from thermal
processes or photocatalytic processes. Since the thermal
conductivity of the PMMA material used in the photocatalytic
reactor did not allow efficient external temperature control by

cooling/heating of the reactor, we decided to control the
reactor temperature by changing the distance between the vis
light source and the reactor. By increasing the distance
between the vis light source and the reactor, vis-photon flux
was decreased, which led to cooling of the reactor. Obviously,
this also resulted in attenuation of the photocatalytic action.
Then, photocatalytic performance of fresh 2.0 CdTe/P25 and
fresh P25 samples were measured under vis light illumination
at different reactor temperatures, as shown in Figure 12. Note
that since the photon flux values for these different
temperatures were not identical, NO conversion and selectivity
values for these two temperatures were not comparable (Figure
12a).
Therefore, for the comparison of the photocatalytic activities

at different temperatures and different vis flux values, we
normalized the photocatalytic NOx storage and NO2

generation with the incident vis photon flux values and
calculated the corresponding photonic efficiency values, as

Figure 10. NO conversion and selectivity values obtained in reuse experiments for P25 and 2.0 CdTe/P25 (a) under UV-A and (b) vis light
irradiation.
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presented in Figure 12b. It can be readily seen in Figure 12b
that for both pure P25 and 2.0 CdTe/P25 samples irradiated

with vis light, increasing temperature had no significant
influence on NO2(g) generation % photonic efficiency. On

Figure 11. DeNOx index values obtained in reuse experiments for P25 and 2.0 CdTe/P25 (a) under UV-A and (b) vis light irradiation.

Figure 12. Temperature-dependent photocatalytic activity data for fresh P25 and 2.0 CdTe/P25 samples under vis light illumination. (a) NO
conversion and selectivity data vs temperature for titanium dioxide (P25) and 2.0 CdTe/P25 under visible light. (b) Photonic efficiency vs
temperature for titanium dioxide (P25) and 2.0 CdTe/P25 under visible light.
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the other hand, increasing temperature significantly diminished
the NOx storage % photonic efficiency. This could be
attributed to the changes in the interaction of water vapor
(H2O(g)) with the photocatalyst surface, alteration in the
surface coverage of adsorbed water and variations in the
hydroxyl/hydroxide surface concentration, which in turn
modified the photocatalytic behavior. It is possible that the
H2O(g) adsorption to the catalyst surface and the associated
surface hydroxyl concentration could be lower at higher
temperatures, which may lead to the suppression of the total
photocatalytic NOx storage at higher temperatures. As an
overall result, temperature-dependent control experiments
demonstrated that enhancement in PHONOS performance
of the CdTe/P25 composite material under vis illumination
does not result from thermal processes but mostly from the
photocatalytic effects.

4. CONCLUSIONS
In the current work, we demonstrated that a composite
material architecture composed of thioglycolic acid (TGA)-
functionalized CdTe QDs decorated on P25 (titania) can be
used as an efficient broad-band photocatalyst in photocatalytic
NOx oxidation and storage (PHONOS). We showed that this
particular photocatalyst system can readily harvest both UV-A
and vis light and exhibit promising photocatalytic NOx
abatement functionality toward NO(g) at room temperature.
Although P25 titania benchmark photocatalyst could reveal a
reasonable photocatalytic NO(g) conversion, it suffered from
extremely low selectivity toward solid-state NOx storage,
rendering it an unacceptable photocatalyst for airborne NOx
emission control. In contrast, CdTe/P25 composite photo-
catalyst with an optimized QD loading could not only reveal a
high NO(g) conversion, but it could also display an extremely
high selectivity toward NOx storage, outperforming the P25
titania commercial benchmark photocatalyst.
Through a series of comprehensive control experiments, we

also investigated the individual photocatalytic functionalities of
each structural component used in the TGA-CdTe/P25
composite structure. These experiments illustrated that TGA,
CdTe, and titania components in the TGA-CdTe/P25
composite operated in a synergistic manner surpassing the
individual functionalities of TGA, CdTe, and titania in their
separated (pure) forms. We also showed that H2O(l) used as a
dispersant for CdTe QDs also enhanced NO(g) conversion
and selectivity.
We also investigated the stability of the TGA-CdTe/P25

system exposed to UV-A/vis illumination and extended
durations of reaction conditions. These experiments illustrated
some loss of photocatalytic activity and selectivity for TGA-
CdTe/P25. In spite of this catalytic performance loss, TGA-
CdTe/P25 could significantly surpass the overall catalytic
performance of P25 titania commercial benchmark photo-
catalyst at all times. Increasing CdTe QD loading in the
catalyst formulation revealed a trade-off between photo-
catalytic activity and catalyst lifetime/stability. It was shown
that a slight increase in the CdTe loading from the values
optimized for maximum conversion and selectivity can
enhance the lifetime of the catalyst with only a minor loss in
performance.
Currently proposed composite materials open a wide

synthetic playground for designing new photocatalytic
architectures, where chemical, electronic, optical, and catalytic
properties of the composite can be fine-tuned by modifying the

organic capping functionality, changing the QD type/
composition/size/shape, and altering the underlying photo-
catalytic active metal-oxide support material. Along these lines,
further studies are ongoing in our research team, where we
exploit these synthetic opportunities to design enhanced
photocatalytic architectures for room-temperature airborne
NOx abatement.
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Birer, Ö.; Ozensoy, E. TiO2−Al2O3 Binary Mixed Oxide Surfaces for
Photocatalytic NOx Abatement. Appl. Surf. Sci. 2014, 318, 142−149.
(9) Yang, L.; Hakki, A.; Wang, F.; Macphee, D. E. Different roles of
Water in Photocatalytic DeNOx Mechanisms on TiO2: Basis for
Engineering Nitrate Selectivity? ACS Appl. Mater. Interfaces 2017, 9,
17034−17041.
(10) Henderson, M. A. A Surface Science Perspective on TiO2
Photocatalysis. Surf. Sci. Rep. 2011, 66, 185−297.
(11) Luttrell, T.; Halpegamage, S.; Tao, J.; Kramer, A.; Sutter, E.;
Batzill, M. Why is Anatase a better Photocatalyst than Rutile?-Model
Studies on Epitaxial TiO2 Films. Sci. Rep. 2014, 4, No. 4043.
(12) Yu, J.; Yu, J. C.; Leung, M. K.-P.; Ho, W.; Cheng, B.; Zhao, X.;
Zhao, J. Effects of Acidic and Basic Hydrolysis Catalysts on the
Photocatalytic Activity and Microstructures of Bimodal Mesoporous
Titania. J. Catal. 2003, 217, 69−78.
(13) Tay, Q.; Liu, X.; Tang, Y.; Jiang, Z.; Sum, T. C.; Chen, Z.
Enhanced Photocatalytic Hydrogen Production with Synergistic two-
Phase Anatase/Brookite TiO2 Nanostructures. J. Phys. Chem. C 2013,
117, 14973−14982.
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