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H I G H L I G H T S

• The Ag@TiO2 core-shell structure is
beneficial to more light absorption
and efficient charge separation.

• The adsorptive property of acet-
aldehyde could reflect the effective
reactive sites more straight in com-
parison to SBET.

• The roles of reactive radicals were in-
vestigated through combining ESR
tests and scavenger experiments to-
gether.

• %O2
− played the predominant role in

the photocatalytic process of acet-
aldehyde.

G R A P H I C A L A B S T R A C T

The outstanding performance of Ag nanowires@TiO2 composite and the thoroughly understanding of acetaldehyde
photodegradation mechanism would cast light on the purposively design and optimization of TiO2-based catalysts.
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A B S T R A C T

The ever increasing problem of air pollution has provoked the research and development of highly-efficient
photocatalysts. Herein, Ag nanowires@TiO2 composite photocatalyst with improved photocatalytic performance
was fabricated by a facile one-step solvothermal procedure. The formation of one-dimensional Ag
nanowires@TiO2 core-shell nanostructures could not only broaden the light-absorbing range of TiO2 catalysts
through the surface plasmon resonance effect of Ag nanowires, but also enable the effective separation of
photoinduced electron-hole pairs. Under the irradiation of a 260W fluorescent lamp, the composite with 0.5 wt
% Ag nanowires exhibited the highest photocatalytic activity in short contact time (4.8min), and the corre-
sponding gaseous acetaldehyde removal ratio was 72%, which was much higher than that of bare TiO2 (37%).
The photocatalyst also showed ultrastable activity in the 15 weeks usage, which ensured their practical appli-
cations in the air purification field. An in-depth mechanism of the photodecomposition of acetaldehyde was
proposed on the basis of the electron spin resonance (ESR) tests and the scavenger experiments. %O2

− reactive
radicals was found to play a predominant role in the oxidation and decomposition of acetaldehyde. The out-
standing performance of the composite materials and the thoroughly understanding of the reaction mechanism
would cast light on the purposively design and optimization of TiO2-based catalysts.
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1. Introduction

Nowadays, with the rapid industrial development and the huge
consumption of fossil fuels, diverse gaseous pollutants have been re-
leased into our living environment, which has resulted in serious en-
vironmental problems, including acid rain, photochemical smog and
haze [1,2]. Many efforts have been made to solve this troublesome
issue. Among all the possible solutions, photocatalysis is an ambient
temperature process which can make use of solar energy to photo-
decompose various organic contaminants without secondary pollution.
However, most of the research works today concentrate on the photo-
decomposition of liquid pollutants such as Methyl Orange (MO) and
Rhodamine B (RhB) [3]. Due to the intrinsic differences between the
photodecomposition of liquid pollutants and gaseous pollutants, tradi-
tional photocatalysts suitable for liquid pollutants cannot be applied to
the decomposition of gaseous pollutants directly [4]. The decomposi-
tion of pollutants relies on the adsorption of pollutants on the surface of
photocatalysts. Unlike liquid pollutants, the concentration of gaseous
pollutants is relatively low. The fast and disordered movement of gas
molecules further lowered the residue time of gaseous pollutants. The
lower concentration of pollutants and the shorter residue time proposed
a higher requirement for the photocatalytic capacity and adsorption
ability of photocatalysts.

TiO2 has long been regarded as an ideal photocatalyst to deal with
environmental concerns, owing to its non-toxicity, environmentally
benign nature, low-cost, abundance, chemical and thermal stability
[3–8]. Despite all those advantages, TiO2 is still being criticized for its
poor light-harvesting capacity and the rapid recombination rate of
photoinduced electron-hole pairs, which has limited the photocatalyst
capacity of TiO2-based photocatalysts and its applications in the pho-
todecomposition of gaseous pollutants. Only 4% solar energy can be
utilized by TiO2 due to its wide band gap (3.2 eV) [9]. In order to make
full use of the abundant solar energy resource, the development of TiO2

photocatalysts with enhanced light-harvesting capacity is indispensable
[10,11]. On the other hand, the rapid recombination of electron–hole
pairs, which is harmful to the photocatalytic performance of catalysts,
should be suppressed effectively [12–14]. Reviews [15–18] have re-
vealed that the formation of TiO2 heterostructures often brings some
attractive benefits for the photocatalysts. Works have been done to
optimize the performance of TiO2-based photocatalysts. Li et al. [19]
and Lu et al. [20] enhanced the light-harvesting capacity of TiO2 by
coupling it with C3N4. The utilization of the surface plasmon resonance
effect (SPR) of noble metals is an effective way in the optimization of
TiO2 catalysts [21–24]. Under the illumination of light with certain
wavelength, the free electrons of the noble metals such as Au, Ag or Pt
nanoparticles would couple with the incident light at a resonant fre-
quency, which leads to a localized electronic field around the metal
nanoparticles and results in the improved light-harvesting capacity of
TiO2 catalysts. TiO2 nanoparticles/Au nanobelts [25], Ag-Ag2O/re-
duced TiO2 [26], Ag nanoparticles@TiO2 nanotubes [27], (Au, Ag, Cu
and Pt)/anatase particles [28], Au/TiO2 nanowires [29], Au-decorated
ZnO [30] and ZnO–Au–SnO2 [31] have been proved to be the efficient
photocatalysts. To realize the low recombination rate, Yang and co-
workers [32] used graphene as electron trap for promoting the se-
paration of electron-hole pairs. One-dimensional electron transport
channel also turns out to be helpful for the efficient separation ac-
cording to the research results reported previously. The usage of carbon
nanotubes as the electron traps in the CNT/TiO2 composite resulted in
the effective separation of electron-hole pairs and an improved photo-
catalytic performance [33–35].

However, most of the efforts reported can only improve either the
separation of electron-hole pairs or the light-harvesting capacity of
TiO2-based catalysts. The fabrication of composite photocatalysts with
both low recombination rate and enhanced light-harvesting capacity
would be feasible for achieving superior photocatalytic performance.
Ag nanowires should be a good choice owing to its SPR effect and high

conductivity. Herein, an Ag nanowires@TiO2 core–shell hetero-
structure with enhanced photocatalytic ability was synthesized by a
facile one-step solvothermal treatment. Compared with bare TiO2 cat-
alyst, an enhanced removal ratio of gaseous acetaldehyde was observed
when applying the Ag nanowires@TiO2 core–shell heterostructure as
photocatalyst. The related highest decomposition rate constant
(0.71959 h−1) is almost 2.6 times larger than that of bare TiO2

(0.27739 h−1). In the purpose of understanding the decomposition
mechanism of acetaldehyde and effect of Ag nanowires, ESR tests and
scavenge experiments were carried out. The coupling with Ag nano-
wires would benefit the generation of %O2

−, which was found to be
essential for the photodecomposition of gaseous acetaldehyde. The in-
depth mechanism proposed in this work would shed light on the further
optimization of TiO2-based photocatalysts and the effective decom-
position of gas pollutants.

2. Experimental

2.1. Materials

Ag nanowires were purchased from Zhejiang Kechuang Advanced
Materials Technology Co. Ltd. Tetrabutyl Titanate (TBOT) was pur-
chased from Sinopharm Chemical Reagent Co. Ltd. p-benzoquinone
(PBQ) and 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) were pur-
chased from Aladdin Industrial Corporation. Deionized water was used.

2.2. The synthesis of Ag nanowires@TiO2 core–shell heterostructure
photocatalyst

In a typical process, 0.875mg, 1.75mg, 2.625mg Ag nanowires
were dispersed in 30mL ethanol and 1mL DI water by ultrasonication
for 1 h. 1.5 mL TBOT was then added dropwise into the above mixture
under magnetic stirring. The mixture was transferred into a 50mL
Teflon-lined autoclave and aged at 160 °C for 10 h. Afterwards, the
suspension was centrifuged and washed with ethanol for several times.
The obtained precipitates were dried in a vacuum oven overnight to
obtain powder samples. The as-prepared samples were labeled as
A0.25 T, A0.5 T, A0.75 T, where A stands for Ag nanowires and T for
TiO2, while 0.25, 0.5, 0.75 represent the mass ratio of Ag nanowires to
TiO2 are 0.25%, 0.5%, 0.75%, respectively. Bare TiO2 was synthesized
without adding Ag nanowires and denoted as A0T.

2.3. Characterization

X-ray diffraction (XRD) patterns were obtained on a D8 ADVANCE
X-ray diffractometer (BRUKER AXS GMBH, German) with Cu Ka ra-
diation (λ=0.15418 nm, 2θ varied from 20° to 80°, 8°/min), the mode
is continuous, the voltage is 40 kV, the current is 40mA. UV–Vis spectra
were collected on a Perkin–Elmer Lambda 950 spectrometer
(250–800 nm). The Brunauer–Emmett–Teller (BET) specific surface
area (SBET) of the samples was analyzed by a Micromeritics ASAP 3000
nitrogen adsorption apparatus (All the samples were degassed at 120 °C
for 5 h before nitrogen adsorption measurements were taken).The
photoluminescence (PL) spectra were recorded on a Perkin–Elmer
Luminescence spectrometer 55 (LS55) at an excited wavelength of
320 nm, the emission and excitation slitwidth are both 5 nm, and the
scanning rate is 500 nm/min, the PL measurements were performed in
powder. Fourier transform infrared spectroscopy (FTIR) spectra were
measured by a Thermofisher iN10 iZ10 infrared spectrophotometer
with a KBr pellet technique. Raman spectra were collected on a Thermal
Dispersive Spectrometer using a laser with an excitation wavelength of
532 nm at laser power of 7mW. The surface morphology of as-prepared
powder was analyzed by using a field-emission scanning electron mi-
croscopy (FESEM) equipped with an Energy Dispersive Spectrometer
(EDS) (FESEM, Magellan 400) (Firstly, powder was dispersed in ethanol
by ultrasonication for 5min. And then, the mixture was dropped on the
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surface of Al foil. After natural drying, the Al foil was sticked to the
platform by water-based conductive adhesive). The detailed micro-
structure of the product was analyzed by using a JEM-2100 HRTEM
(JEOL) at an operating voltage of 200 kV (Firstly, powder was dispersed
in ethanol by ultrasonication for 5min. And then, the Cu grid was
immersed in the mixture for 5 s. After natural drying, the Cu grid was
placed on the holder). X-ray photoelectron spectroscopy (XPS) experi-
ments were carried out on a RBD upgraded PHI-5000C ESCA system
(Perkin Elmer) with MgKα radiation (1253.6 eV).

2.4. ESR test

Electron spin resonance (ESR) signal of active radicals trapped by
5,5-dimethyl-1-pyrroline N-oxide (DMPO) was recorded on a JES-
FA200 spectrometer. 5,5-dimethyl-1-pyrroline N-oxide was purchased
from DOJINDO Laboratories with purity higher than 99% as claimed
from the producer. Samples for ESR measurements were prepared by
mixing 4mg sample with a solution containing 30 μL DMPO and 2mL
dispersion liquid (deionized water dispersion for DMPO-%OH and me-
thanol dispersion for DMPO-%O2

−) under a 500W Xe lamp irradiation
with a 380 nm filter. The irradiation intensity was 30 mW/cm2.

2.5. Photo-current response test

Photo-current response of the as-prepared samples was evaluated
using a CHI660D electrochemical workstation in a conventional three-
electrode quartz cell. Before the measurement, the sample was coated
on a FTO glass by spin coating, and then the FTO disk acted as work
electrode along with a platinum plate and an Ag/AgCl electrode as the
counter and reference electrodes, respectively. The photo-current time
curves were measured at 0.2 V versus Ag/AgCl in 1mol/L Nacl at am-
bient temperature and an AM1.5G solar power system was used as light
irradiation source.

2.6. Evaluation of photocatalytic activity

The photocatalytic activity experiments were tested by decomposing
gaseous acetaldehyde in continuous flow reactor system at ambient
temperature. The sealed photo-reactor was a 120mL cuboid quartz

vessel (15 cm×8 cm×1 cm). The 260W fluorescent lamp was used as
light irradiation source. The distance between the sample and the lamp
was 20 cm and the light intensity was 20mW/cm2. The concentration of
acetaldehyde was measured by gas chromatography, the schematic of the
adsorption and photocatalytic process was shown in Fig. S1. The ad-
sorption–desorption curves were displayed in Fig. S2, and the corre-
sponding adsorption process was also described in detail. Firstly, the
photocatalyst (0.1 g) was coated onto a glass slide (12 cm×5 cm). The
glass pane coated with photocatalyst was kept in dark for 180min to
reach an adsorption–desorption equilibrium. The initial concentration of
acetaldehyde after adsorption–desorption equilibrium was fixed at
500 ± 10 ppm for all experiments, and the corresponding flow rate was
controlled at 20 sccm. After that, the 260W fluorescent lamp was turned
on. The removal ratio (η) of acetaldehyde was calculated as η=(1− C/
C0)×100%, where C0 is the initial concentration and C is the con-
centration of acetaldehyde at different time intervals, respectively. In
addition, the contact time between the flowing acetaldehyde gas and the
catalysts was calculated to be 4.8min. (contact time=120mL/
20 sccm * 12 cm/15 cm=4.8min).

2.7. Scavenger experiments

P-benzoquinone (PBQ) and 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO) were applied to quench the corresponding superoxide radicals
(%O2

−) and hydroxyl radicals (%OH) of A0.5 T. For the quenching of (%
O2

−), the photocatalyst (0.1 g) was coated onto a glass slide
(12 cm×5 cm) by mixing additional 0.01 g PBQ together, and denoted
as “A0.5 T+PBQ”. Similarly, the photocatalyst (0.1 g) was mixed with
0.01 g TEMPO for the quenching of %OH, and denoted as
“A0.5 T+TEMPO”. For comparison, the photocatalyst (0.1 g) was also
mixed with 0.01 g PTFE powder, and denoted as “A0.5 T+No sca-
venger”.

3. Results and discussion

3.1. Characterization of chemical composition and morphology

To investigate the phase structure of the as-synthesized Ag@TiO2

composite materials, XRD and Raman measurements were conducted.

Fig. 1. (a) XRD patterns of the as-prepared samples with a scan speed of 8° min−1 (b) Raman spectra with an excitation wavelength of 532 nm at laser power of 7 mW (c) The enlarged
Raman spectra at 144 cm−1 (d–f) X-ray photoelectron spectroscopy (XPS) spectra of O1s, Ti2p, Ag3d with MgKα radiation (1253.6 eV), respectively.
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As shown by the XRD patterns in Fig. 1a, the characteristic peaks found
in A0T, A0.25 T, A0.5 T, A0.75 T could be ascribed to anatase phase
TiO2 crystal (JCPDS No. 21-1272). No Ag characteristic peaks were
found in the XRD patterns, and then the scanning rate of XRD was re-
duced from 8°min−1 to 2° min−1 for higher accuracy. As shown in Fig.
S3, there were still no Ag characteristic peaks. This could be explained
by the low Ag nanowires content in the composites [36]. Fig. 1b gives
the Raman spectra of the Ag@TiO2 composite materials. Raman bands
located at 144, 197, 399, 519 and 639 cm−1 observed in the spectra
could correspond to the Eg, Eg, B1g, A1g, and B1g active modes of anatase
TiO2, respectively [37,38]. XRD and Raman results indicated that the
anatase phase was the main phase in both bare TiO2 nanoparticles and
the composites. Compared with the Raman spectrum of bare TiO2, a
noticeable blueshift of around 10 cm−1 was found in the spectra of
Ag@TiO2 composites (Fig. 1c), which indicated the existence of lattice
distortions or residual stress at the interface of Ag nanowires and TiO2

nanoparticels owing to the lattice mismatch between them. It’s an
evidence of the close coupling between Ag nanowires and TiO2 [39].

In order to confirm the formation of Ag@TiO2 composites, XPS tests

with high sensitivity were performed to give the elemental composition
and the chemical status of the composite materials. All the binding
energy values were calibrated by using C1s= 284.8 eV as a reference
(Fig. S4). As shown in Fig. 1d, for both bare TiO2 and Ag nanowir-
es@TiO2 composite, there is no distinct difference in the XPS spectra of
O1s. Two XPS peaks located at 530.1 eV, 531.8 eV were observed in the
O1s XPS spectra (Fig. 1d). The peak at 530.1 eV could be assigned to the
Ti-O bonds in TiO2 crystal lattice, and the peak at 531.8 eV could be
ascribed to the Ti-OH bonds resulting from the hydroxyl groups on TiO2

surface [40,41]. The Ti2p XPS peaks (Fig. 1e, Ag@TiO2 composite)
centered at 458.8 eV and 464.5 eV correspond to the Ti2p3/2 and Ti2p1/
2 states of the Ti4+-O bonds, and there was a 0.2 eV shift in comparison
to that of pure TiO2. As suggested by Fig. 1e, Ti4+ was the main form
since no other valence of Ti element such as Ti3+ or Ti2+ existed in
both bare TiO2 and Ag nanowires@TiO2 composites [42]. No peak was
found in the Ag3d XPS spectrum of bare TiO2 (Fig. 1f), while the Ag
nanowires@TiO2 composite consists of two peaks settled at 367.6 eV
and 373.6 eV, which can be ascribed to Ag3d3/2 and Ag3d5/2 of the
metallic silver, respectively [43,44]. Compared with the XPS of Ag

Fig. 2. (a) SEM image of pure Ag nanowires (b) SEM image of bare TiO2 (c, d) SEM images of A0.25 T and A0.5 T (e) EDS elemental mapping images of Ag, Ti and O, respectively (f) TEM
image of pure Ag nanowires (g) TEM image of bare TiO2 (h) TEM image of Ag nanowires@TiO2 core-shell composite (i) HRTEM images of the interface between Ag nanowires and TiO2

nanoparticles.
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nanowires, a 0.1 eV shift was observed from Ag3d3/2 of the composites
(Fig. 1f). The 0.2 eV shift of Ti2p and 0.1 eV shift of Ag3d both sug-
gested a close interaction between TiO2 nanoparticles and Ag nano-
wires. Concrete evidences on the co-existence of Ag and TiO2 in the as-
prepared composites was given by the XPS measurement results.

Similarly, in the FTIR spectrum (Fig. S5), the peak located at
3419 cm−1 was attributed to the stretching vibrations of OeH bond in
absorbed water molecules [45]. The peak centered at 1630 cm−1 was
assigned to the bending modes of water molecules [46]. The bands
settled at 581 cm−1 and 647 cm−1 were associated with the bridge
stretching modes of Ti-O and Ti-O-Ti bond in TiO2 lattice [47]. These
results were in accordance with the XRD and XPS analysis.

SEM images give the morphology of pure Ag nanowires, bare TiO2

and Ag nanowires@TiO2 composites. As displayed in Fig. 2a, Ag na-
nowires with smooth surface and a one-dimensional structure could be
clearly seen. The average diameter was calculated to be ca. 40–50 nm
(Fig. S6). Fig. 2b shows that the bare TiO2 is consisted of multiple ul-
trafine nanoparticles with particle sizes of about 10–20 nm (Fig. S7). As
revealed in Fig. 2c, d, the Ag nanowires@TiO2 composites have a one-
dimensional structure, with enlarged diameter and shortened length
compared with Ag nanowires [43]. TiO2 nanoparticles were deposited
uniformly alongside the Ag nanowires, which caused an increase in
their average diameter. Ag nanowires with an average length of 20 μm
were cut into short nanowires (average lengths 2 μm) due to the cor-
rosion caused by the harsh hydrothermal synthesis environment (Fig.
S8). The EDS elemental mapping analysis was carried out to study the
distribution of the Ag, Ti and O elements and reveal the one-dimen-
sional structure of Ag@TiO2 composites. The Ag nanowires core (with a
diameter of around 41 nm) and the TiO2 shell (with a thickness of
around 15 nm) could be observed in Fig. 2e, indicating that the

composites have a Ag nanowires@TiO2 core–shell structure. No obvious
changes in the Ag nanowires@TiO2 heterostructures were observed
when increasing the amount of Ag nanowires (Fig. S9, A0.75 T). Similar
results were obtained from the TEM images (Fig. 2f–h). HRTEM was
conducted to observed the incorporation of the interface between Ag
nanowires and TiO2 nanoparticels. As shown in Fig. 2i, the lattice fringe
spacing of 0.24 nm was ascribed to the (1 1 1) plane of Ag, while the
lattice fringe spacing of 0.36 nm corresponded to the (1 0 1) plane of
anatase TiO2. A clear overlap of the lattice boundaries between Ag and
TiO2 was observed. In a word, the synthesized composites were in one-
dimensional core–shell structure which was clearly clarified by SEM
and TEM. The related graphic illustration was shown in Scheme 1, the
Ag nanowires core can interact with incident light due to its strong SPR
effect, leading to more light absorption [22,23]. Meanwhile, the one-
dimensional structure could further accelerate the transfer of electrons
from TiO2 to Ag nanowires, resulting in the efficient separation of
electron-hole pairs [5,32]. In other words, this Ag@TiO2 core–shell
structure was beneficial to high photocatalytic performance.

3.2. The influence factors of photocatalytic performance

In the purpose of understanding the optical and electrical properties
of the Ag nanowires@TiO2 core–shell composites, UV–Vis spectra and
PL spectra were tested. Fig. 3a gives the light-absorbing properties of
bare TiO2 and Ag nanowires@TiO2 core–shell structures. High light
absorbing abilities could be observed in the ultraviolet range (wave-
length lower than 400 nm) for both bare TiO2 and Ag nanowires@TiO2

composites, which was in accordance with the strong light absorption
of TiO2 in the short wavelength range. However, differences could be
observed in the visible range. Unlike bare TiO2, the Ag nanowir-
es@TiO2 composites exhibited strong light-absorbing ability in the
visible range with absorption peaks at around 450 nm. This could be
attributed to the SPR effect of Ag nanowires. It is noteworthy that pure
Ag nanowires show a SPR peak at 370 nm (Fig. 3a), while the compo-
sites show a SPR peak at 450 nm (Fig. 3a). This obvious redshift of SPR
peak (370 nm to 450 nm) arises from the strong interfacial electronic
coupling between Ag nanowires and TiO2 [48]. To exclude the influ-
ence of the higher refractive index of TiO2 than the surrounding
medium on the SPR peak shift of Ag@TiO2. The UV–Vis spectra of the
sample (“0.75%Ag+TiO2, physical mixing”) was conducted. As shown
in Fig. S10, there were no SPR peaks compared with A0.75 T and Ag
nanowires. Namely, the higher refractive index of TiO2 than the sur-
rounding medium do not make any contribution to the SPR peak shift.
Through broadening the light-absorbing capability of TiO2 based cat-
alysts to the visible range by adding small amount of Ag nanowires,
composite photocatalysts with enhanced light-harvesting capacity was
achieved, which was essential for the fabrication of highly-efficient
photocatalysts.

Scheme 1. The graphic illustration of one-dimensional core-shell structure.

Fig. 3. (a) UV–Vis spectra of as-prepared samples, Ag nanowires (b) PL spectra at an excitation wavelength of 320 nm.
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Apart from the light-harvesting capability, the recombination rate of
photoinduced electron-hole pairs is another important factor that may
affect the photocatalysis ability of TiO2 based catalysts. The photo-
luminescence emission spectra (PL) was tested to evaluate the re-
combination behaviour of the photoinduced electron-hole pairs in both
bare TiO2 and Ag nanowires@TiO2 composites. Compared with bare
TiO2 (A0T), the composites (A0.25 T, A0.5 T, A0.75 T) exhibited much
lower PL intensity (Fig. 3b). The PL intensity could represent the re-
combination rate of photoinduced electron-hole pairs. The much lower
PL intensity of the composite catalysts indicated that the existence of Ag
nanowires would effectively prolong the lifetime of photoinduced
electrons and holes and facilitate their utilization in the catalytic pro-
cess. This phenomenon can be explained by the superior conductivity
and the relative lower fermi level (0.4 V vs NHE [49]) of Ag nanowires
(compared with the conduction band of TiO2, −0.2 V vs NHE [13]). As
one of the best conductors, Ag nanowires have shown superior ability in
collecting and transporting electrons. The close combination between
Ag nanowires and TiO2 nanoparticles and the relative low Fermi level
of Ag enabled the readily transfer of photoexcited electrons from TiO2

to Ag nanowires [50], leaving the photoinduced holes in the valence
band of TiO2. The one-dimensional structure could also accelerate the
movement of electrons along the Ag nanowires, which would further
benefit the seperation of photoinduced electrons and holes. The effi-
cient charge separation and lower recombination rate, which is induced
by the unique Ag nanowire@TiO2 core–shell heterostructure, would
benefit the photocatalytic efficiency of the composite catalysts.

In addition to the light-harvesting capability and recombination
rate, the specific surface area of photocatalysts could also influence
their photocatalytic performance by affecting the adsorption of gas
pollutant onto the surface of catalysts. N2 adsorption analysis were
performed to give the specific surface areas of the composite mate-
rials. The SBET area was measured for three times. The specific values
were listed in Table S1. The average SBET was listed in Table 1, the
corresponding SBET area is 112.48 m2/g, 108.94 m2/g, 105.93 m2/g,
99.82 m2/g for A0T, A0.25 T, A0.5 T, A0.75 T, respectively. As the
amount of Ag nanowires increased from 0 to 0.75%, a decrease of
11.3% was observed in the SBET of composites catalysts, which might
be caused by the agglomeration of TiO2 around Ag nanowires. The
addition of Ag nanowires has a slight negative effect on the SBET of
TiO2 based catalysts, which would lead to the weaker adsorption of
gas pollutants on the surface of catalysts, the generation of less active
sites and the lower removal ratio of pollutants. In addition, the ad-
sorption amount of acetaldehyde could be calculated by the ad-
sorption–desorption curve (Fig. S2). The detailed computational pro-
cess was displayed in Fig. S11. As shown in Table 1, the adsorption
amount of acetaldehyde is 345.8 mL, 314.2 mL, 222.8 mL, 159.4 mL
for A0T, A0.25 T, A0.5 T, A0.75 T, respectively. Although SBET values
were similar, there was a huge distinction in the adsorption amount of
acetaldehyde. The differences between SBET and the adsorptive prop-
erties resulted from the inequality between N2 adsorption and acet-
aldehyde adsorption. In other words, the adsorptive property of
acetaldehyde could reflect the effective reactive sites more straight in
comparison to SBET. The distinct adsorptive properties have a negative
effect on the photocatalytic performance with the increasing Ag con-
tent. The pros and cons of combining Ag nanowires with TiO2 nano-
particles indicated the existence of an optimal proportion of Ag

nanowires in the composite materials. Compared with the research
results reported perviously (a SBET decrease of 78%) [44], the loss of
specific surface area here is much smaller, which could be attributed
to the relative small amount of Ag nanowires applied. Unlike the
photocatalytic decomposition of liquid pollutants, the application of
photocatalysts in air purification faced the problems of low con-
centration and short residence time, which puts forward higher re-
quirements for the adsorption ability of photocatalysts. The relative
high SBET would be essential for the effective photodecomposition of
gaseous pollutants.

3.3. Photocatalytic activity measurements

The specific photocatalytic performance was evaluated by the re-
moval ratio of gaseous acetaldehyde (Fig. 4a). All the composites
(A0.25 T, A0.5 T, A0.75 T) exhibited better photocatalytic ability than
bare TiO2 (A0T). The specific photocatalytic removal ratios were 51%,
72% and 63% for A0.25 T, A0.5 T and A0.75 T, respectively. Among all
the samples, A0.5 T shows the highest removal ratio of 72%, which is
almost twice the removal ratio of A0T (37%). The corresponding
pseudo-first-order kinetic model was built to further investigate the
reaction kinetics. The reaction rate constant k was determined by using
the equation: −ln(C/C0)= kt. As displayed in Fig. 4b, the calculated
first-order kinetic constants were 0.27739 h−1, 0.45678 h−1,
0.71959 h−1, 0.58973 h−1 for A0T, A0.25 T, A0.5 T, A0.75 T, respec-
tively. The highest constant was observed for A0.5 T (0.71959 h−1),
which was almost 2.6 times larger than that of A0T (0.27739 h−1). This
was in good accordance with the gaseous acetaldehyde removal results.
Besides, the removal ratio of gaseous acetaldehyde firstly increased
(51% to 72%, A0.25 T to A0.5 T), and then declined (72% to 63%,
A0.5 T to A0.75 T) with the addition of Ag nanowirs. The optimal
proportion for Ag nanowires was found to be 0.5%, which could be
easily explained by the synergistic effect of Ag nanowires on the light
absorption (UV–Vis spectra, Fig. 3a), recombination rate (PL spectra,
Fig. 3b), and reactive sites (SBET area and adsorption amount of acet-
aldehyde, Table 1) of composite catalysts. On one hand, the SBET area
and adsorption amount of acetaldehyde were getting smaller with the
increment of Ag nanowires content (Table 1), which led to a lose in the
photocatalytic activity of TiO2 photocatalysts. Additionally, Hsu’s
group [51,52] studied the influence of the excessive metal loading on
emission lifetime by time-resolved PL spectra, it turns out that the ex-
cessive metal loading which acted as charge recombination center can
cause the emission lifetime shortening. Therefore, this may be another
disadvantage of too much Ag loading. On the other hand, with the in-
creasing Ag nanowires content, higher light-harvesting capacity and
lower recombination rate (Fig. 3a, b) could be achieved, which is
beneficial to the optimization of the catalyst. In short, the competition
between the negative and positive effect of Ag nanowires on the pho-
tocatalytic performance of composite catalysts explained the existence
of an optimal Ag nanowires ratio.

However, it is nonnegligible that the improvement of photocatalytic
performance here is not satisfactory enough. As is well-known, in the
photodegradation of liquid organic dyes, photocatalytic performance
can usually be increased several times or even dozens of times. Here is
the reason: compared with the as long as several hours contact time of
liquid photocatalysis, the contact time between the flowing acet-
aldehyde gas and the catalysts was quite short (4.8 min). So, it is easy to
understand that photocatalytic performance improvement here was just
twice (37% to 72%, A0T to A0.5 T).

In addition, two comparative experiments were conducted to ensure
that pure Ag nanowires and light have no contribution to the gaseous
acetaldehyde decomposition. The first one was conducted by applying
pure Ag nanowires as the photocatalyst with other experiment condi-
tions unchanged. The result (Fig. S12) showed pure Ag nanowires have
no photocatalytic activity. The second one was carried out without any
photocatalysts but only the light applied. As revealed in Fig. S13, the

Table 1
SBET and adsorptive properties of A0T, A0.25 T, A0.5 T, A0.75 T (All the samples were
degassed at 120 °C for 5 h before nitrogen adsorption measurements were taken, the
adsorption amount of acetaldehyde was calculated from Fig. S11).

Sample A0T A0.25 T A0.5 T A0.75 T

SBET (m2/g) 112.48 108.95 105.93 99.82
Adsorption Amount of Acetaldehyde (mL) 345.8 314.2 222.8 159.4
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light showed no photolysis effect on acetaldehyde either. This two
comparative experiments indicated that pure Ag nanowires and light do
not make any contribution to the decomposition of gaseous acet-
aldehyde.

We also measured the photo-current response of the as-prepared
samples through a three-electrode system under the AM1.5G illumi-
nation. A rapid photo-current response was observed for all of the
samples (Fig. 4c). A gradual decay could be found in each individual
switch-on/off process, which implied that the photoinduced electron-
hole pairs are undergoing a recombination process [5]. The photo-
current response exhibited excellent repeatability in four light on/off
cycles, which implied the outstanding chemical stability of composite
catalysts [37]. The relatively larger photo-current densities were rea-
lized for all Ag nanowires samples (A0.25 T, A0.5 T, A0.75 T) in com-
parison to bare TiO2 (A0T). In general, the photocatalytic activity can
also be reflected by the corresponding photo-current density [53]. It is
clear that the composite catalysts possess not only excellent photo-
catalytic behaviour but also charming chemical stability.

In consideration of practical application, the reusability is another
important criteria when evaluating photocatalysts. Cyclic experiments
for the photocatalytic removal of gaseous acetaldehyde with A0.5 T
were carried out. The time interval between two cycles was 3 weeks.
Fig. 4d illustrates the relationship between the gaseous acetaldehyde
removal ratio and the cycling times. The photocatalysts could remain
fairly high activity with no obvious decline after six cycles (15 weeks),
which ensured the practical application of composite catalysts in the
long-term usage.

3.4. Photocatalytic oxidation mechanism

To gain further insights on the photocatalytic process, electron spin
resonance (ESR) tests were conducted to detect the generation of

superoxide radicals (%O2
−) and hydroxyl radicals (%OH) under the il-

lumination of light [54,55]. The four characteristic peaks of both
DMPO-%O2

− (with a 1:1:1:1 area ratio) (Fig. 5a) and DMPO-%OH (with
a 1:2:2:1 area ratio) (Fig. 5b) were observed in all samples. In both
cases (superoxide radicals (%O2

−) or hydroxyl radicals (%OH)), the
signal intensities (Fig. 5a, b) of the composites (A0.25 T, A0.5 T,
A0.75 T) are stronger in comparison to bare TiO2 (A0T). A higher ESR
signal intensity generally represents more reactive radicals, which is
essential for better photocatalytic performance [56]. The strongest
signal was achieved when the content of Ag nanowires was 0.5 wt%
(A0.5 T). Compared with A0.75 T, A0.5 T has shown similar capability
in the separation of photoinduced electron-hole pairs (Fig. 3b) but
higher specific surface area (Table 1), which accounts for the higher
concentration of active radicals. The result is in good agreement with
the photocatalytic activity (Fig. 4a) and the photo-current response
(Fig. 4c) of composite catalysts with different Ag nanowires-loading
contents. But, it is worth noticing that the signals of superoxide radicals
(%O2

−) are stronger than the ones of hydroxyl radicals (%OH), which
indicates that %O2

− may play the predominant role in the photo-
catalytic process [57–59].

In the purpose of understanding the role of superoxide radicals and
hydroxyl radicals, scavenger experiments were performed by applying
A0.5 T as the photocatalyst. P-benzoquinone (PBQ) and 2,2,6,6-
Tetramethyl-1-piperidinyloxy (TEMPO) were applied to quench the
corresponding superoxide radicals (%O2

−) and hydroxyl radicals (%OH)
[1,56,60,61]. Excessive amount of scavenger reagents were utilized to
guarantee the completely capture of related radicals. After the
quenching of %O2

− and %OH by PBQ and TEMPO, the related photo-
catalytic performance changed a lot. As revealed in Fig. 5c, when the %

O2
− was scavenged by PBQ, the removal ratio of acetaldehyde de-

creased from 73% to 26%, while the quenching of %OH caused a decline
from 73% to 51%. The scavenger experiments results indicated that

Fig. 4. (a) The photodecomposition ratio for gaseous acetaldehyde with a 260W fluorescent lamp as light source (b) Corresponding pseudo-first-order kinetic model of as-prepared
samples (c) Photo-current response of as-prepared samples (d) Cyclic experiments with A0.5 T.
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compared with %OH radicals, %O2
− radicals do play a more important

role in the photodecomposition of gaseous acetaldehyde. The results are
in consistent with the aforementioned ESR results. Briefly, through
combining ESR tests and scavenger experiments together, the two re-
active radicals (%O2

−, %OH) were proved to play different roles in the
photocatalytic process.

Finally, based on all the results, an in-depth mechanism (Scheme 2)
was proposed to help us better understand the photodecomposition
process of gaseous acetaldehyde. Under the stimulus of incident light,
electrons would be excited to the conduction band (CB) of TiO2. Due to
the differences between the Fermi levels of Ag and the conduction band
of TiO2, these free electrons will flow to the Ag nanowires, leaving the
holes at the valence band of TiO2. The interaction between electrons
and oxygen led to the generation of superoxide radicals (%O2

−) while
hydroxyl radicals (%OH) were generated through the reaction between
photoinduced holes and water. Gaseous acetaldehyde adsorbed on the
surface of the photocatalyst would then be decomposed by the active
radicals through the following paths (Scheme 2). A small part of acet-
aldehyde could be oxidized into carbon dioxide and water directly by %

O2
− or %OH (step A or B,

% %
− ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯ +

−

CH 3CHO CO H O
O / OH

2 2
2 , Scheme 2)

[62]. The rest was firstly oxidized into acetic acid by %OH (step C,
%

− ⟶CH 3CHO CH COOH
OH

3 , Scheme 2) [63], and then oxidized into

carbon dioxide and water by %O2
− (step D,

%
⟶ +

−

CH COOH CO H O3
O

2 2
2 ,

Scheme 2) [64]. As mentioned before, the photocatalytic performance

changed a lot after the quenching of %O2
−, but changed a little after the

quenching of %OH (Fig. 5c). That is, %O2
− is the predominant reactive

radicals, while %OH is the secondary reactive radicals. Therefore, the
higher photocatalytic performance could be realized through anchoring
eOH, eCOOH or oxygen vacancies on the surface of TiO2-based pho-
tocatalysts, which are conducive to the generation of %O2

−. In other
words, the in-depth understanding of the photodecomposition me-
chanism casts light on the further optimization of TiO2-based catalysts.

4. Conclusions

In summary, the Ag nanowires@TiO2 core–shell nanostructures
were synthesized via a facile one-step solvothermal process. Benefitting
from the unique one-dimensional core–shell heterostructure, the com-
posite catalysts exhibited improved light-harvesting capability and ef-
ficient charge separation, as well as the relative high SBET, which made
them great candidates for the photodecomposition of gaseous pollu-
tants. Through applying the as-synthesized composite catalysts in the
photodecomposition of acetaldehyde, an improved removal ratio of
72% (A0.5 T) (nearly twice the removal ratio of bare TiO2) was
achieved, although the contact time was very short (4.8 min). Besides, it
is found that the adsorptive property could reflect the effective reactive
sites more straight in comparison to SBET for gaseous pollutants ad-
sorption. The photocatalyst also preserved ultrastable activity in the
15weeks usage, which ensures the practical application of Ag

Fig. 5. (a) Superoxide radicals (%O2
−) signal with DMPO as scavenger in ethanol (b) Hydroxyl radicals (%OH) signal with DMPO as scavenger in water (c) Scavenger experiments using

PBQ and TEMO as corresponding %O2
− and %OH quenching.
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nanowires@TiO2 composite catalysts. This work indicates that con-
structing other similar one-dimensional core–shell structure would be
an alternative way to realize efficient photocatalysis. Besides, the
generation of active radicals (superoxide radicals and hydroxyl radi-
cals) and their roles in the photodecomposition of acetaldehyde were
characterized through ESR tests and scavenger experiments. %O2

− ra-
dicals were found to play a predominant role in the decomposition of
acetaldehyde. On the basis of the research results, an in-depth discus-
sion on the decomposition mechanism was given. The in-depth under-
standing of the photodecomposition mechanism enables the further
optimization of TiO2-based photocatalysts for the effective decom-
position of gaseous pollutants.
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