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Fig. 2. (a) Survey-scan XPS spectra of H-THC and AgCl/THC over a wide energy range, (b) Ag 3d, (c) Cl 2p, (d) Ti 2p and (e) O 1s XPS spectra of H-THC and AgCl/THC at high
resolution. The XPS scan uses standard Al K� excitation source.

After Xe lamp illumination on the AgCl/THC, three new peaks
appeared at 2� = 38.2◦ (d = 0.235 nm), 44.4◦ (d = 0.203 nm)  and 64.5◦

(d = 0.144 nm)  correspond to (1 1 1), (2 0 0) and (2 2 0) planes of the
cubic phase of Ag with lattice constant a = 0.408 nm (JCPDS file: 65-
2871). Therefore, the Ag/AgCl/THC have been successfully formed.
The UV–vis absorption spectra of the samples prepared at different
steps are shown in Fig. 3. The strong absorption below a wave-
length of 400 nm is associated with the optical band gap of titanate
materials, which is the characteristic of titanium oxide-based mate-
rials [31]. The absorption spectra were slightly red-shifted when the
Na-THC sample was exchanged with H+ (H-THC) and Ag+ ions (Ag-
THC). In addition, the Na-, H- and Ag-THC samples show a strong
visible light absorption ranging from 400 nm to 700 nm (peaked
around 450–550 nm). This absorption is likely due to the light
trapping effect in this unique nanowires-honeycomb titanate struc-
ture, however, the titanate have shown no effective photocatalytic
degradation of organic dye under visible light. After the Ag-THC
reacted with HCl, AgCl forms on the THC surface, and the color

changed from dark grey to light grey (digital photos in Fig. 3). At the
same time, the absorption peak in the visible region (AgCl/THC in
Fig. 3) disappeared, which is due to the coverage of surface by large
bandgap AgCl particles. AgCl was reported to have a direct bandgap
of 5.15 eV (241 nm)  and an indirect bandgap of 3.25 eV (382 nm)
[32]. After Xe lamp illumination for 15 min, the Ag/AgCl/THC sam-
ple shows a plasmonic resonance absorption peak centered around
472 nm accompanied by a color change from white grey to brown
(digital photos in Fig. 3). This further confirms the formation of Ag
NPs by the photoreduction of AgCl.

Typical FESEM images of the H-THC and AgCl/THC network
are shown in Fig. S2 (Supporting Information) and Fig. 4, respec-
tively. The as-prepared titanate film looks like porous honeycomb.
Each honeycomb consists of 3–6 sided walls, inside which inter-
twined titanate nanowires as long as 4.5 ± 1.4 �m are present
(Fig. S2 in Supporting Information, Fig. 4). The cross-sectional
images (Figs. S2c–d, Fig. 4c) show that the THC network film was
perpendicularly grown on the Ti foil, and the mean thickness
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Fig. 3. UV–vis absorption spectra of the Na-THC, H-THC, Ag-THC, AgCl/THC, and
Ag/AgCl/THC samples. Ag/AgCl/THC samples were obtained after light illumination
of  the AgCl/THC samples for 15 min. The 1st, 2nd and 3rd of Ag/AgCl/THC spectra
were measured after the first, second and third cycle of the degradation experiments.
The digital photos in the right are the corresponding colors of test samples. The colors
from top to down are dark grey, light grey, brown and yellow colors, respectively.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web  version of this article.)

of the film was about 5.0 ± 0.9 �m (Figs. S2c–d). The diame-
ter of a single nanowire is around 45 ± 4 nm (Fig. 5a), and the
interlayer distance of layered H-THC is ca. 0.76 nm from the high-
resolution TEM (Fig. 5b), which corresponds to the d-spacing of
(200) plane of H-THC. The selected area electron diffraction (SAED)
pattern from individual nanowire (Fig. 5c) can be indexed as
coming from a single crystalline orthorhombic H2Ti2O5·H2O. This
unique nanowires–honeycomb structure is different from the other
reported titanate nanowire [29,33] or nanotube [28,34] network

due to the special processing method employed in the current
study. Such morphology is established during the hydrothermal
growth and is preserved throughout the ion-exchange (H+, Ag+)
and gas phase reaction.

After the Ag-THC reacted with the HCl vapor, the AgCl NPs grew
in situ on the THC surface. Dense AgCl NPs were uniformly dis-
tributed on every titanate nanowire surface without agglomeration
(Figs. 4a, b). Similarly, the AgCl NPs also can be found on the cross-
section and bottom of the sample (Fig. 4c and e), which is confirmed
by the EDX spectrum shown in Fig. 4d. The particle size was  around
50 ± 20 nm (Fig. 5d and e). The single crystalline pattern in the inset
of Fig. 5f was  taken from AgCl [1 1 1] zone axis while the spotty
ring pattern is from the orthorhombic structure of THC (H2Ti2O5).
In order to study the effect of reaction time on the AgCl particle
morphology evolution, the reactions were taken at various time
intervals. Fig. 6 shows the FESEM images of the morphology change
during the gas reaction process. Before the reaction started, the
morphology of Ag-THC thin film was similar to the H-THC (0 min,
Fig. S2 in the Supporting Information) which possessed smooth
nanowire surface. After reacting with HCl vapor, in situ formation of
AgCl occurred immediately and the color changed from dark grey
to white grey (digital photos in Fig. 3). As shown in Fig. 6, dense
and uniform distributed AgCl NPs grew on the nanowires within a
short time (2 min, Figs. 6a and b) at room temperature. The AgCl
NPs nucleated continuously and became denser with time (Figs. 6c
and d). As the reaction proceeds, the AgCl NPs started to coalesce,
resulting in large sized NPs (150–300 nm)  on the honeycomb wall
and nanowires (Figs. 6e–h). Therefore, the reaction time is a key
factor to control morphology of the AgCl/THC thin films.

In order to confirm that this method is suitable for synthesizing
other silver halides NPs or other semiconductor compounds on the
THC structure by vapor phase reaction, the growth of other silver
compounds via the vapor phase reaction were also investigated. As
shown in Figs. S3a–b (Supporting Information), by using the HBr
vapor generated from a mixture of KBr (50 mg)  and H2SO4 (2 mL,

Fig. 4. FESEM images at (a) low- and (b) high-magnification from top view; (c) cross-section, (d) the EDX spectrum and (e) bottom view of the as-prepared AgCl/THC samples
after  5 min  gas reaction.
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Fig. 5. The (a) low-, (b) high-magnification TEM images and (c) the corresponding SAED pattern of the H-THC sample; (d) low-, (e) high-magnification TEM images and (f)
the  corresponding SAED pattern of the as-prepared AgCl/THC samples after 5 min  gas reaction. The (c) and (f) SAED patterns are taken from the inset images of the (b) H-THC
and  (e) AgCl/THC, respectively. The inset in (f) is the schematic diffraction pattern taken from AgCl [1 1 1] zone axis.

98%) at room temperature, densely distributed AgBr NPs are also
formed on the surfaces of THC in 5 min. With the same method,
we have also synthesized Ag2S NPs on THC by reacting with H2S
vapor generated from reaction between Na2S (50 mg)  and H2SO4
(2 mL,  98%). The SEM images in Figs. S3c–d (Supporting Informa-
tion) clearly show the successful formation of small Ag2S particle on
the THC structure. The EDX spectra in the inset of Figs. S3a and S3c
indicate that the NPs are composed of AgBr and Ag2S, respectively.
These demonstrations suggest that the reported technique is gen-
erally applicable in forming visible-light responsive semiconductor
nanoparticles on an existing titanate nanostructure via gas-phase
reaction.

We  have also demonstrated that by soaking the THC in NaCl
solution (0.1 M),  AgCl NPs will also form but the amount and size is
smaller (Figs. S4a-b, Supporting Information) compared to the ones
obtained by HCl solution treatment (Figs. S4c-d, Supporting Infor-
mation). In subsequent phenol degradation study, we  will use the
AgCl/THC-S prepared by HCl solution.

3.3. Photocatalytic activity of the photocatalysts under the visible
light

In order to investigate the photocatalytic performance of
Ag/AgCl/THC under simulated visible light illumination, phenol is
selected as target organic compound. Pollutants such as phenol and
its derivatives arising from refineries are highly toxic and compar-
atively more refractory to natural degradation thereby causing a
potential threat to the land and surface water system even if dis-
charged in a minute quantity. In this work, the uniform and dense
distributed AgCl/THC thin films obtained via 5 min  gas reaction
were used for the degradation experiments. For comparison, photo-
catalytic performance of the AgCl/THC-S prepared through aqueous
solution and the AgBr/THC composite synthesized via HBr gas reac-
tion (Figs. S3a–b, Supporting Information) were also investigated

under the same degradation conditions. Similar to the AgCl/THC,
these samples for comparison were also illuminated under the Xe
lamp for 15 min  before the degradation experiment.

As shown in Fig. 7a, the Ag/AgCl/THC or Ag/AgBr/THC composite
films exhibited excellent photocatalytic activity for the decompo-
sition of phenol. H-THC itself showed limited photocatalytic or no
activity. It was noticed that the Ag/AgCl/THC thin film via HCl gas
reaction exhibited higher efficiency than the Ag/AgCl/THC-S pre-
pared from aqueous solution and Ag/AgBr/THC: it could completely
decompose phenol in 180 min  irradiation (Fig. 7b). The denser dis-
tribution of AgCl crystals with smaller size on THC (Figs. 4a and
b) may  contribute to the excellent performance compared to the
AgCl/THC-S (Figs. 6a and b). The cyclic photodegradation perfor-
mance of phenol by the composite film via gas phase reaction under
visble light irradiation is shown in Fig. 7c. The thin films exhibit pho-
tostability after 3 cycles, and we  believe that the immobilization of
Ag/AgCl NPs in the THC matrix endowed them with good stabil-
ity. Further observation shows that after the first cycle, the activity
slightly decreased for the next recycling degradation. This may  be
due to the narrower visible light absorption region (Ag/AgCl/THC
2nd, 3rd in Fig. 3) compared to the fresh sample (Ag/AgCl/THC 1st
in Fig. 3), resulting in a slightly slower degradation rate. This phe-
nomenon is also found in the Ag/AgCl/TiO2 nanotube [21] and the
porous AgCl/Ag nanocomposites [20], and it was explained to be
caused by the loss of the catalysts during recycling. Interestingly,
the absorption spectra of Ag/AgCl/THC are relatively stable after the
first degradation and the recycled sample still shows a good photo-
catalytic activity, which provides strong evidence that the sample
is an efficient and stable visible light photocatalyst. From a practical
application point of view, our synthesized thin film enjoys a clear
advantage in terms of production and operation cost.

The GC–MS analysis was conducted to study the intermediate
product formation during the degradation of phenol. The photo-
catalytic reaction of phenol and its intermediates such as catechol,
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Fig. 6. The Ag-THC reacted with HCl vapor with different duration within (a and b) 2 min, (c and d) 5 min, (e and f) 10 min, (g and h) 30 min. The figures on the right are taken
at  high magnification. The insets in the (a), (c), (e) and (g) are taken from the cross-section of the samples.

hydroquinone, tri-hydroxybenzenes, maleic acid and oxalic acid
were extracted out from aqueous solution to organic layer using
chloroform. The main intermediates of phenol degradation were
found to be dihydroxybenzenes, which had also been reported else-
where [35,36]. The photooxidation of phenol and intermediates in
the reaction medium leads to the formation of aliphatic acids and
CO2. Based on the results obtained from GC–MS, a probable mech-

anism of phenol degradation under visible light over Ag/AgCl/THC
photocatalyst is depicted in Fig. 8. Under the illumination, photons
are absorbed, which can efficiently generate electrons and holes
on silver NPs due to surface plasmonic effect. On the basis of elec-
tron spin resonance and cyclic voltammetry analyses by Hu’ group
work [9,11,16], the photogenerated electrons could induce the for-
mation of superoxide radicals (O2

•−) by reducing oxygen during
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Fig. 7. (a) Comparison of photocatalytic activity of H-THC, Ag/AgCl/THC, Ag/AgBr/THC and Ag/AgCl/THC-S samples for the photocatalytic decomposition of phenol in water,
(b)  determination of phenol concentration change at different degradation time for Ag/AgCl/THC sample by HPLC chromatogram analysis and (c) cycling degradation curve
for  Ag/AgCl/THC sample.
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the electron transfer process from Ag NPs to the conduction band
(CB) of silver halides. This phenomenon also has been observed
by McMahon et al. [37] and Li et al. [38]. The main active species
of O2

•− radical and excited h+ on Ag NPs (or surface adsorbed
•OH radical) could be responsible for the degradation of phenol
[39,40]. Phenol molecules are attacked by these radicals, leading
to the formation of dihydroxybenzenes and tri-hydroxybenzenes
which undergoes further photooxidation. Further cleavage of tri-
hydroxyl compounds and quinones lead to aliphatic acids and CO2;
traces of low molecular weight organic compounds such as maleic
acid, malonic acid, oxalic acid and acetic acid were identified. Our
group has also carried out phenol degradation using TiO2 nanoma-
terials under both visible and UV light. From GC–MS results it has
been identified that irrespective of light the intermediates are sim-
ilar to the current work: formation of hydroxylated benzene is the
first step and further degradation into aliphatic acids and complete
mineralization is resulted [35,41]. However, future investigation is
needed to differentiate the roles of different radicals.

4. Conclusions

In this work, a strategy combining ion-exchange and gas phase
reaction was employed to synthesize highly uniform and densely
distributed AgCl NPs on titanate honeycomb network thin films.
After illumination, the Ag/AgCl/THC photocatalyst exhibits excel-
lent photocatalytic activity for the decomposition of phenol. The
degradation mechanism was also proposed based on the GC–MS
analysis. This room-temperature synthesis route could be easily
extended to prepare various solar light responsive semiconductors
via metal ion exchange and gas reaction process for photocatalytic
applications.
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