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ABSTRACT: A series of novel well-defined Ag/AgX (X = C, g Visible light
Br, I) loaded carbon nanotubes (CNTs) composite photo- ?_-_1;’_1;"__5/“\7 a Lol
catalysts (Ag/AgX-CNTs) were fabricated for the first time via ; e ——
o . . ong T E e CB(HL065eVyT TV 0.8 ——Ag/Agl-CNTs
a facile ultrasonic assistant deposition—precipitation method at Lhl b7 'O scee
the room temperature (25 + 1 °C). X-ray diffraction, X-ray Ag g i

photoelectron spectroscopy, nitrogen adsorption—desorption

analysis, scanning electron microscopy, and ultraviolet—visible .1 gp <h®
light absorption spectra analysis were used to characterize the x

structure, morphology, and optical properties of the as- AgBr o onTe V2 72 %0 rime Gainy | 100 120 14
prepared photocatalysts. Results confirmed the existence of the

direct interfacial contact between Ag/AgX nanoparticles and CNTs, and Ag/AgX-CNTs nanocomposites exhibit superior
absorbance in the visible light (VL) region owing to the surface plasmon resonance (SPR) of Ag nanoparticles. The fabricated
composite photocatalysts were employed to remove 2,4,6-tribromophenol (TBP) in aqueous phase. A remarkably enhanced VL
photocatalytic degradation efficiency of Ag/AgX-CNTs nanocomposites was observed when compared to that of pure AgX or
CNTs. The photocatalytic activity enhancement of Ag/AgX-CNTs was due to the effective electron transfer from photoexcited
AgX and plasmon-excited Ag(0) nanoparticles to CNTs. This can effectively decrease the recombination of electron—hole pairs,
lead to a prolonged lifetime of the photoholes that promotes the degradation efficiency.
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B INTRODUCTION could meet the needs for applications in environmental and
energy fields.

Currently, the localized surface plasmon resonance (SPR)
effect of noble-metal nanoparticles (e.g, Ag and Au) has
become a research focus in the development of VLD

lvst devel has b  od ) i photocatalysts."> The VL activity of plasmonic photocatalyst
catalyst development has been recognized as an important goa is originated from the distinctive plasmon resonance effect in

in the field of photocatalysis. Generally, two major approaches VL region that has been well demonstrated for metallic Au and
have been frequently employed to fabricate VLD photocatalyst. Ag nanoparticles.”**™'° Also a number of Ag/AgX (X = CI,
One is .to modify TiO,-based photocatalyst to.extend the light Br)-based materials, such as graphene sheets grafted Ag/AgCl,"'
absorption spectrum from the UV to VL region by elements graphene oxide (GO) enwrapped Ag/AgX (X = Cl, Br)
doping,2 noble metal deposition,®® and dye sensitization.” nanocomposite,I(’ Ag/AgBr@TiO 8 Ag/AgCl@H,WO,-3H,0

Photocatalysis technique, as a cost-effective means for solar
energy utilization, hydrogen production, and environmental
purification, has been focused by many researchers.'”” In
recent years, highly efficient visible-light-driven (VLD) photo-

Another is to purposely fabricate new forms of VLD composite,* and AgBr/WO,*° have recently been successfully
photocatalyst, such as Bi;0,1,"° (AngO3)l-x(SrTiO3)xlll and synthesized. These composite photocatalysts have shown a
(Ago75ST05) (Nb s Tig5) O5."* Despite the noticeable progress, promising VL photocatalytic performance to the decomposition
these VLD photocatalysts still have some drawbacks, such as

relatively low VL photocatalytic activity and poor stability, Received: March 18, 2013

limiting their practical applications. It is therefore highly Accepted: July 10, 2013

desirable to develop highly efficient VLD photocatalysts that Published: July 10, 2013
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of organics. It has been reported that the Ag/Agl@Al,O;-
supported plasmon-induced photocatalyst possesses much
higher photocatalytic stability and activity than those of the
bare Ag/Agl photocatalyst for the decomposition and
mineralization of the toxic organics.'* Another recent work
report also indicated that a nanocomposites made of Ag/AgX
loaded graphene oxide (GO) (Ag/AgX@GO) has significantly
enhanced photocatalytic activity and stability as compared to
those of bare Ag/AgX (X = CI, Br) plasmonic photocatalysts.'®
These research findings imply that the photocatalytic activity as
well as the stability of Ag/AgX can be significantly enhanced by
loading onto a suitable supporting material.

Recently, carbon nanotubes (CNTs) have attracted a
considerable interest because of their excellent mechanical,
electrical, and chemical properties. It has been frequently
employed as a catalyst carrier because of its hollow and layered
structure as well as large specific surface area with superior
adsorption properties toward organic pollutants. In addition,
CNTs can serve as an electron reservoir to reduce the
electron—hole recombination.”*"** Also, CNTs can act as a
dispersing template, affecting the structure and morphology of
TiO, formed on the CNTs, which in turn can improve the
performance of the resultant composite photocatalyts.*>~>°
More recently, a novel micrometer-sized CNTs—natase TiO,
sphere photocatalyst was hydrothermally synthesized for
efficient removal of gaseous organic pollutants by our
group,”® and the results further confirmed the synergistic and
beneficial effects in improving the photocatalytic activity can be
due to the CNTs supporter. Xin et al recently reported the use
of Ag-CNTs as filters to prepare polypropylene (PP) and
polystyrene (PS) nanocomposites. Their results showed that
the mechanical property as well as electrical conductivity of PP
and PS have been enhanced effectively due to addition of Ag-
CNTs.”” Another study also showed that Ag-deposited CNTs
can be used in various polymeric nanocomposites and coatings
to increase the UV reflection properties.”® However, as known,
the synthesis VL active Ag/AgX-CNTs nanocomposite photo-
catalyst based on plasmon-induced VLD photocatalysis has not
been previously reported.

In this study, to collectively utilize the advantageous
properties of CNTs and Ag/AgX, a series of CNTs-based
Ag/AgX-CNTs (X = Cl, Br, I) nanocomposite plasmonic
photocatalysts with high VL activities were fabricated via a facile
ultrasonic-assisted precipitation method. It is well-known that
2,4,6-tribromophenol (TBP) is a frequently used brominated
flame retardants (BFRs) employed to retard fire risk for
production of electronic devices, plastics, epoxy, paper, and
polyurethane. It might possess estrogen-like property and has
strong potential for developmental fetotoxicity, embryotoxicity,
and neurotoxicity. Also, it can be detected in human plasma and
a wide range of environmental samples due to its
bioaccumulation and persistent property. Therefore, TBP was
selected as a model BFR to study the photocatalytic
performance of the newly synthesized photocatalysts. The
results demonstrate that the fabricated Ag/AgX-CNTs nano-
composite photocatalysts possess a dramatically improved VL
catalytic degradation efficiency toward TBP as compared to the
unsupported Ag/AgX photocatalysts. In this study, the
synergetic effect of Ag/AgX-CNTs to enhance the VLD
photocatalytic degradation efficiency pave an way to develop
new generation VL active photocatalysts.
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B EXPERIMENTAL SECTION

Preparation of Ag/AgX-CNTs (X = Cl, Br, 1) Photocatalysts.
One gram of multiwall CNTs (MWCNTs) with length of S—15 um
and the diameter of 60—100 nm (Shenzhen Nanotech Port Co., Ltd,,
China) was first pretreated by refluxing in a 40 mL mixture of
concentrated nitric acid (65—68%) and sulphuric acid (95—98%) with
a volume ratio of 1:3 at 90 °C for 90 min. Then the backup CNTs
were achieved after the sequence filtration, washing with distilled water
and then drying at 80 °C.

Ag/AgX-CNTs (X = Cl, Br, I) photocatalysts were prepared by an
ultrasonic assistant deposition-precipitation method. For a typically
synthesis procedure, 1.5 mmol of KX (X= Cl, Br, I) was dissolved into
30 mL ultrapure Milli-Q water (Electrical conductivity is 17 S cm™),
and 0.2 g of purified CNTs was added into the suspension. The
resultant mixture was first homogenized by ultrasonication for 20 min
in a ultrasonic cleaner (Ningbo Yinzhou Yongjie experimental
instrument Co., LTD, YJ-5200D, frequency: 40kHz), and then the
mixture of 1.5 mmol of AgNO; and ammonia solution (2.5 mL, 25 wt
% NH,;) was added dropwise into the above homogeneous solution.
Here, the ammonia solution serves both as a complex reagent for Ag*
and controlling solution pH to enabling the control of the rate of
formation of AgX (X = Cl, Br, I) and preventing the agglomerate of
synthesized AgX. The resultant solution was ultrasonicated for another
20 min before being stirred for 24 h, and then the resultant mixture
was washed with Milli-Q water three times, and dried at 70 °C.

Characterization. To clarify the crystal phase composition of the
prepared photocatalysts, we measured X-ray diffraction (XRD) was
measured using a Rigaku Dmax 2200 V X-ray diffractometer, and the
specific surface area, average pore diameter and specific pore volume of
the photocatalysts were determined by nitrogen adsorption—
desorption isotherms using an ASAP 2020 sorption analyzer. Images
were obtained on a scanning electron microscopy (SEM, JSM-6330F).
The UV—vis absorption spectra (UV—vis) were measured with a UV-
2501PC UV-—vis spectrophotometer. The X-ray photoelectron
spectroscopy (XPS) analyses of the samples were carried out on an
S-520/INCA 300 spectrometer using 300W Mg—Ka radiation, and
the binding energies were referenced to the Cls line at 284.8 eV from
adventitious carbon. To measure the redox properties of the prepared
photocatalysts, we investigated the temperature-programmed reduc-
tion (TPR) and the temperature-programmed oxidation (TPO) on a
TP-5078 multifunction adsorption instrument (Tianjin, China).

Photocatalytic Activity. The photocatalytic activity of the
resultant photocatalysts was evaluated by the removal of TBP in
water under VL irradiation. The schematic diagram of the
experimental setup is shown in Figure S1 in the Supporting
Information. The photocatalytic reactor is a 150 mL quartz bottle
with a water-jacket outside. In a typical performance, 30 mg of
photocatalyst was dispersed in 50 mL of 100 gmol L™ TBP solution
(pH 10). The light source was a 250 W metal-halide lamp (PLS-
SXE300, Shanghai Bilang Co., Ltd., China) with a UV cutoff filter (4 <
400 nm) and the illumination intensity was kept at ca. 5 mW cm™>
(the spectrum of light source with the UV cutoff filter was presented in
Figure S2 in the Supporting Information). In all experiments, the
temperature of the reaction was maintained at 25 + 1 °C by the water
continuously circulated in the jacket surrounding the reactor. Before
irradiation, all the reaction samples were stirred for 30 min in dark to
obtain an adsorption—desorption equilibrium. The dark adsorption
time was set as 30 min because there was insignificant change in the
TBP adsorption after 30 min (see Figure S3 in the Supporting
Information). Once the TBP concentration has stabilized, the solution
was then illuminated with VL to start the photocatalysis. Afterward,
aliquots (1.5 mL) of dispersion were collected and filtered using a 0.22
um Millipore filter for further analysis at regular intervals of irradiation
time, and the TBP concentration was detected by using a Agilent 1200
high pressure liquid chromatography (HPLC) equipped with a DAD
detector.”® For the assessment of photocatalytic activities of resultant
photocatalyst, the degradation efficiency = C/Cy X 100% was used,
where C and C, is the concentrations of TBP at a real-time t and the
initial concentration of TBP. For comparison, light (without
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photocatalyst) and dark controls (without light) were also performed.
All the aforementioned experiments including controls were also
conducted in triplicates.

B RESULTS AND DISCUSSION

Characterization of Photocatalysts. Morphology and
Structure. To obtain the microscopic morphology and
structural characteristics, SEM analyses of the prepared Ag/
AgX-CNTs (X = Cl, Br, I) nanocomposites and the
unsupported AgX are preformed. The obtained morphologies
of AgCl and AgBr particles are irregular sphere-like (Figure
la,c) with a diameter distribution ranging 1—5 gm. The average

1pm WD 1%

101464 SEI 15.8kY

Lpm WD 19m

Figure 1. Typical SEM images of (a) AgBr, (b) Ag/AgBr-CNTs, (c)
AgCl, (d) Ag/AgCI-CNTs, (e) Agl, and (f) Ag/Agl-CNTs.

particle size of AgCl is bigger than that of AgBr. The Agl
sample shows irregular blocky particles (Figure le) with
rougher surfaces compared to that of AgCl and AgBr. When
CNTs was added as the supporter of AgX, well-dispersed Ag/
AgX particles are clearly scattered on the surface of pretreated
CNTs supporter with average ranged from 300 to 500 nm
(Figure 1b, d, and f). Moreover, the average diameter of Ag/
AgBr is smaller than those of Ag/Agl and Ag/AgCl in the Ag/
AgX/CNTs. Compared with their corresponding AgX particles,
smaller size of AgX nanospheres are found in Ag/AgX-CNTs
composites because of the presence of CNT's supporter in these
composites, confirming the beneficial role of CNTs in control
growth of AgX particles. Recently, it has been certified that the
acid-treated CNTs possess excellent hydrophilic properties.*®
This can be used to further improve the dispensability of Ag/
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AgX in aqueous phase and prevent the aggregation of Ag/AgX
particles.

XRD and XPS Analysis. The phase structure of the resultant
Ag/AgX-CNTs (X = Cl, Br, I) nanocompsites were analyzed by
XRD. Figure 2a demonstrates the XRD patterns of bare CNTs,

(@ AgB{200) —— CNTs
- AgBr(20)  —— AgBr
= —— Ag/AgBr-CNTs
«
~ AgBr(222) AgBr(420)
= - Ag(111) 1 Aglﬁm) \
‘@
=
s
=
\ | T |
| _Ncon)
2 1 " 1 1 1 1
(b) AgCl1(200) —— CNTs
—Agd
220
[ aaam T
S I Ag (lll& (22J AgCl1(311) Ag(1(222)
iy
7.}
|
= |0 N |
- /\C(ooz)
3 — gl
@1
| oo Zhean
£
wn
=
.t
: - A
[Sami
C(002)
20 30 40 50 60 70 80

2 Theta ( degree)

Figure 2. XRD spectra of (a) CNTs, AgBr, and Ag/AgBr-CNTs; (b)
CNTs, AgCl, and Ag/AgCl-CNTs; and (c) CNTs, Agl, and Ag/Agl-
CNTs.

as-prepared AgBr and Ag/AgBr-CNTs. The as-prepared Ag/
AgBr-CNTs are mainly AgBr cubic phase. The peaks at 260
values of 30.8, 44.2, 55.1, 64.5, and 73.2° match very well with
the diffraction peaks of (200), (220), (222), (400), and (420)
crystal planes of AgBr (JPCDS file, 06—0438), respectively.
Both characteristic diffraction peaks of CNTs (002) (JCPDS
file, 41—1487) at 26.2°, and Ag (111) (JCPDS file, 65—8428)
facets at 37.8° are observed. Similar results are also obtained for
Ag/AgCl-CNTs (Figure 2b). That is, the as-prepared Ag/AgCl-
CNTs consist of CNTs (26.2°), and AgCl (JCPDS file, 31—
1238) (27.8, 32.3, 46.3, 54.9, 55.6, 67.4, 74.4, and 76.8°) as well
as a spot of metallic Ag (38.1, 44.4, and 64.4°). For Ag/Agl-
CNTs (Figure 2c), the peaks in the XRD patterns are
characterized as Agl (JCPDS file, 09—0388) (23.6, 39.1, and
46.4°) and CNTs. Nevertheless, unlike Ag/AgBr-CNTs and
Ag/AgCI-CNTs, no obvious metallic Ag diffraction peak is
observed in the XRD pattern of Ag/AgI-CNTs photocatalyst.
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Figure 3. XPS spectra of Ag 3d and X 3d (X = Cl, Br, I) in (a) Ag/AgBr-CNTs, (b) Ag/AgCl-CNTs, and (c) Ag/Agl-CNTs.

To verify the hybridization structure of Ag/AgX-CNTs (X =
Cl, Br, I), the surface elemental compositions of the as-
prepared photocatalysts were further characterized by XPS
(Figure 3). Figure 3a illustrates the XPS data for Ag/AgBr-
CNTs. The two bands observed at ca. 367.5 and 373.5 eV can
be ascribed to Ag3d 5/2 and Ag3d 3/2 binding energies,
respectively. Each of these bands can be further divided into a
pair of peaks (367.5/368.4 eV, and 373.5/374.1 V). The first
pair of bands at 367.5 and 373.5 eV is attributed to Ag(I) of
AgBr, whereas the second pair of bands at 368.4 and 374.1 eV
is ascribed to the metallic Ag(0). Similar results were also
obtained by a number of previous studies.”'®'® These
observations confirm the existence of metallic Ag(0) on the
surface of Ag/AgBr-CNTs, which is well -consistent with XRD
analysis results. As for Br 3d spectra (Figure 3b), two individual
peaks, Br 3d5/2 and Br 3d3/2 with the binding energies of
68.85 and 68.9 eV, respectively, were also obtained, indicating
the presence of Br™.'**'

Similar results were also obtained for Ag/AgCl-CNTs
(Figure 3b). That is, two observed bands at 367.2 and 373.0
eV can be ascribed to Ag 3d5/2 and Ag 3d3/2 binding energies,
respectively, each be further divided into a pair of peaks (367.2/
368.0 eV, and 373.0/374.0 eV). The former bands at 367.2 and
373.0 indicate the presence of Ag(I), whereas the latter bands
at 368.0 and 374.0 eV suggest the existence of the metallic
Ag(0). However, for the Ag/Agl-CNTs photocatalyst (Figure
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3c), the peaks at 368.4 and 374.4 eV originated only from Ag(I)
of Agl, but no metallic Ag(0) diffraction peaks are observed.

UV—Vis Analysis. UV—vis absorption spectra of photo-
catalysts reflect their ability to harvest the solar radiation and
can be used to calculate the band gap energy. Generally, the
bare AgX (X = Cl, Br, I) samples could exhibit distinct
adsorption only in the UV region but limited in the VL
regiorl.13’16’32’33 However, the Ag/AgBr-CNTs photocatalyst
has apparent absorption intensity in VL region with a
significant enhancement (Figure 4a). Similar results were also
obtained for Ag/AgCl-CNTs and Ag/Agl-CNTs (Figure 4b, c).
Under the VL irradiation, the reduced Ag(0) species nucleate
on the surface of AgX nanoparticle and form dispersed Ag
nanograins, which would arouse strong plasmon resonance
absorptions in VL region."”'®*° Thus, it can be inferred that the
presence of CNTs can improve the VL adsorption of the
resultant Ag/AgX-CNTs composite photocatalysts although
the UV adsorption of bare AgX nanoparticles was very limited.
Similar result was also obtained by Wang’s report.** The band
gap energies of different AgX were computed and presented in
Table 1. The band gap of AgBr is obtained as 2.69 eV, which is
smaller than those of AgCl (2.90 eV) and Agl (2.88 eV). This
means that the Ag/AgBr-CNTs photocatalyst may be readily
excited by a wide range of VL as compared to other Ag/AgX-
CNTs photocatalysts.

H,-TPR and O,-TPO Analysis. The H,-TPR and O,-TPO
technologies were used to characterize the redox ability of the

dx.doi.org/10.1021/am401459c¢ | ACS Appl. Mater. Interfaces 2013, 5, 6959—6967
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Figure 4. UV—vis spectra of (a) Ag/AgBr-CNTs, (b) Ag/AgCIl-CNTs,
and (c) Ag/Agl-CNTs.

Table 1. Textural Parameters of the As-Prepared
Photocatalysts

SSAgg pore diameter pore volume E*
(g 1) (m) (@) (D)
AgCl 2.5 0.005 2.92
AgBr 14 0.001 2.69
Agl 0.7 0.0007 2.87
CNTs 59.2 15.6 0.245
Ag/AgCl- 50.3 168 0.289
CNTs
Ag/AgBr- 20.8 26.0 0.142
CNTs
Ag/Agl- 18.4 359 0.159
CNTs

angas derived from Eg = 1240/ /Ig, where ﬂg is the absorption edge in
the UV—vis spectra

resultant photocatalysts. From the H,-TPR profiles, a strong H,
consumption peak was found for all these prepared Ag/AgX-
CNTs photocatalysts (Figure 5), attributing to the reduction of
Ag(I) to the metallic Ag(O).35_37 Moreover, it is interesting to
find that the obtained reduction temperatures of the bare AgCl,
AgBr and Agl are found to be at 622, 753, and 882 °C,
respectively, which are higher than those for AgX in the Ag/
AgCI-CNTs (445 °C), Ag/AgBr-CNTs (565 °C) and Ag/Agl-
CNTs (784 °C) composite photocatalysts. So it can be inferred
that the presence of CNT's can lower the reduction temperature
of the resultant composite photocatalysts. This is because, with
addition of CNTs, the storage ability of H, is enhanced, and

6963

then the density of H, increases on the surface of catalyst.
Subsequently the reduction ability is enhanced, leading to a
decrease in the reduction temperature. As such, the reduction
temperature of AgX in the Ag/AgCI-CNTs is lower than those
of others. The order of the reduction temperature is Ag/AgCl-
CNTs < Ag/AgBr-CNTs < Ag/Agl-CNTs, which is in good
agreement with the reduction order of AgX and is as opposed
to the redox potential of AgCl (0.22 V) > AgBr (0.10 V) > Agl
(—0.15 V). That is, the higher of the redox potential, the more
of Ag(0) particles presence, even with the same photons
excited. In addition, the amount of H, consumption for the Ag/
AgCl-CNTs, Ag/AgBr-CNTs and Ag/Agl-CNTs are 17.69,
30.34, and 15.19 mmol g, respectively. This may suggest that
more active centers are existed on the Ag/AgBr-CNTs surface
than other two photocatalysts. Therefore, compared to Ag/
AgCI-CNTs and Ag/Agl-CNTs,*® better reduction ability and
the photocatalytic activity can be expected for Ag/AgBr-CNTs.

Figure 6 shows the O,-TPO profiles of the as-prepared Ag/
AgX-CNTs photocatalysts as well as CNTs as the control. Only
one oxidative peak is observed for all photocatalysts
investigated, while for CNTs, a gradually increased intensity
signal without oxidation peak was obtained.>® This oxidative
peak may attribute to the oxidation reaction of Ag(0) to Ag,O,
which further confirms the existence of Ag(0) in all Ag/AgX-
CNTs samples. The oxidation peak temperatures of Ag/AgCl-
CNTs, Ag/AgBr-CNTs, and Ag/Agl-CNTs photocatalysts are
550, 549, and 516 °C, respectively, indicating that the oxidation
temperature of Ag/AgI-CNTs is the lowest among the three
photocatalysts. Therefore, it can be concluded that the Ag(0)
indeed existed in the Ag/Agl-CNTs with limited amounts even
though the amount of Ag(0) can not be detected by XPS and
XRD.

BET Surface Area and Pore Distribution. The plot of N,
adsorption—desorption isotherms as well as pore size
distribution plot of the Ag/AgX-CNTs (X = Cl, Br, I)
photocatalysts are given in Figure S4 in the Supporting
Information. All the isotherms can be ascribed to type IV curve
with H3 hysteresis loop, suggesting the existence of
mesoporous pore structures.””*® The pore size distribution
plots (inset of Figure S4 in the Supporting Information) of
these photocatalysts exhibit a wide pore size distribution ranged
from 20 to 60 nm. In addition, the textural parameters of the
prepared photocatalysts are summarized in Table 1. For the
samples without addition of CNTs, the obtained specific
surface areas of pure AgCl, AgBr and Agl are only 2.5, 1.4, and
0.7 m* g7', respectively. When CNTs were added as a
supporter of AgX, the specific surface area of Ag/AgCl-CNTs,
Ag/AgBr-CNTs and Ag/Agl-CNTs are increased to 50.3, 20.8,
and 184 m? g7', respectively. Meanwhile, the obtained pore
volumes of Ag/AgX-CNTs are 0.289, 0.142, and 0.159 cm® g™/,
respectively, which are also larger than those of corresponding
AgX (X = Cl, Br, I). That is, the specific surface areas and pore
volumes of Ag/AgCl-CNTs are significantly enhanced due to
the input of large specific surface area by CNTs, leading to a
significantly enhanced adsorption capability and transfer ability
of organic pollutants onto the photocatalyst to enhance the
catalytic activity.*’

Photocatalytic Activity and Mechanism. The dark
experiment (adsorption) and blank experiment (photolysis)
were first carried out and the degradation of TBP could be
neglected in both cases (Figure 7a). The photocatalytic
degradation of TBP by bare CNTs, AgBr, and the as-prepared
Ag/AgBr—CNTs composites were investigated under VL

dx.doi.org/10.1021/am401459c¢ | ACS Appl. Mater. Interfaces 2013, 5, 6959—6967



ACS Applied Materials & Interfaces

Research Article

HZ-TPR @) 622 0C HZ-TPR b) 753 °C|
=' —
Fi AgBr
g 4450C 565°C
g A
z —— Ag/AgCI-CNTs —— Ag/Agl-CNTs
784 0C
-Ag/AgBr-CNTs
Temperature (°C) Temperature (°C) Temperature (‘C)

Figure S. H,-TPR spectra of (a) AgCl and Ag/AgCl-CNTs, (b) AgBr and Ag/AgBr-CNTs, and (c) Agl and Ag/Agl-CNTs.

o

O, TPO 550 °C

Ag/Ag(-CNTs

C

°c
| e AN

i i i L i 1 i 1 i 1 i 1 i
100 200 300 400 500 600 700 800
Temperature ('C)
Figure 6. O,-TPO spectra of Ag/AgCl-CNTs, Ag/AgBr-CNTs, Ag/
AgI-CNTs, and pure CNTs.

Intensity (a.u.)

-+

e
AgBr —e— photolysis

02'_ —v—CNTs oot
““' —=—Ag/AgBr-CNTs +— adsorption
0.9 1 A 1 A 1 A
=20 0 20 40 60
1.0,
b T
0.8
%0.6
0.4 —m—AgCl
t o Agl
02l —*— Ag/AgCI-CNTs
| —v— Ag/AgI-CNTs
0'9 1 A 1 " 1 A 1 " 1 A Il A 1 " 1 A
20 0 20 40 60 80 100 120
Time (min)

Figure 7. Photocatalytic activity of prepared catalysts for degradation
of TBP under visible-light irradiation.
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illumination (Figure 7a). 100% of 100 ymol L™' TBP can be
photocatalytically degraded within S0 min when Ag/AgBr-
CNTs was used as the photocatalyst under VL irradiation. In
contrast, under the same experimental conditions, only 60 and
45% of TBP are decomposed when AgBr or CNTs is employed
as photocatalyst, respectively. Furthermore, the effect of the
amount of AgBr was studied (see Figure SS in the Supporting
Information). The Ag/AgBr-CNTs photocatalyst exhibits an
excellent photocatalytic activity when the amount of AgBr is 1.5
mmol, because the excess AgBr will aggregate on the surface of
CNTs, resulting in a reduced photocatalytic performance. The
modest photocatalytic activity of CNTs could be due to the
ability of CNTs to produce the reactive oxygen species (ROSs)
under irradiation.*’ Apparently, the photocatalytic activity of
Ag/AgBr-CNTs is markedly improved by the loading of AgBr
onto the CNTs surface.

The photocatalytic removal of TBP was also performed using
Ag/AgCIl-CNTs and Ag/AgI-CNTs as photocatalysts (Figure
7b). Only 39 and 42% of the TBP can be degraded using Ag/
AgCIl-CNTs and Ag/Agl-CNTs, respectively. As a comparison,
only 26 and 8% of TBP were degraded by corresponding pure
AgCl and Agl without CNTs, respectively. Further prolonging
the reaction time to 130 min, 82, 74, 44, and 18% of TBP
degradation can be achieved with Ag/AgCIl-CNTs, Ag/Agl-
CNTs, AgCl and Agl as photocatalysts, respectively. These
results further validate that for photocatalytic degradation of
TBP, Ag/AgX-CNTs (X = Cl, Br, I) composite photocatalysts
possess better photocatalytic activity than pure AgX. Among all
catalyst investigated in this work, the Ag/AgBr-CNTs displays
the highest photocatalytic activity. It may be because that the
particle size of Ag/AgBr-CNTs is smaller than that of Ag/AgCl-
CNTs and Ag/Agl-CNTs (Figure 1), that benefits the
photocatalytic performance enhancement.”” As demonstrated
by the data in Figure S, the highest H, consumption by Ag/
AgBr-CNTs may imply more active sites on the catalyst surface.

It is important to understand the photocatalytic degradation
mechanism of plasmonic photocatalysts such Ag/AgBr-CNTs.
As a hybrid composite, the electronic band structures of
individual components is critical for the photocatalytic
performance, which determine the excitation, transportation,
and the recombination of the photogenerated electron—hole
pairs.*** To investigate the photocatalytic mechanism of Ag/
AgBr-CNTs, first of all, it is necessary to know the band
structure of the AgBr phase. Therefore, the conducting band
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(CB) and valence band (VB) energies of the AgBr are
calculated to be about —0.065 and +2.625 V (vs SHE),
respectively.* It is reported that the plasmon-induced electrons
of metallic Ag nanoparticles can transfer to the CB (—0.2 V vs
SHE) of TiO, anatase under VL illumination.** So it is possible
that the plasmon-induced electrons at Ag nanoparticles of Ag/
AgBr-CNTs with a strong reduction power can readily transfer
to CB (—0.065 V vs SHE) of AgBr. As depicted in Scheme 1,

Scheme 1. Schematic Drawing of the Photocatalytic Process
with Ag/AgBr-CNTs Composite Photocatalyst

%}’isible light
/e;e'\e-

e e e

when the photocatalyst is subjected to the VL irradiation, the
photosensitive AgBr in Ag/AgBr-CNTs composite can be
decomposed into Ag(0), and Ag(0) is subsequently excited by
VL due to the localized surface plasmon resonance to generate
electron—hole pairs on the Ag nanoparticle surface. #1416
Simultaneously, the AgBr can also be excited by VL to generate
the electron—hole pairs. Therefore, the possible photocatalytic
mechanism of Ag/AgBr-CNTs could be described as that the
plasmon-induced e” at Ag nanoparticles transfers to the CB,,p,,
and then the two parts of e” on CB,gp, would prefer flowing
down to the CNTs, while the plasmon-induced h* remains on
the surface of Ag and AgBr to oxidize organic pollutant. Such
transportation of the photogenerated charge carriers could
either stabilize the photogenerated h* in the VB, or prolong
their transfer path, resulting in extending the lifetime of the
charge carriers and effectively suppressing the unfavorable
charge recombination.” The VB agp: (2.625 eV) is more
positive than the standard redox potential of ¢ OH/OH (1.99
eV), suggesting the photozgenerated holes possess higher
oxidative power than ¢ OH.*

On the basis of the above discussions, the photocatalytic
degradation mechanism of TBP using Ag/AgBr-CNTs as
photocatalyst could be presented as eqs 1—6. It is supposed
that under VL irradiation, the photocalaysts is first excited to
generate e at the CB of the AgBr. The CB e™ would then react
with Ag(I) to form Ag(0). The formed Ag(0) could also be
excited by VL due to the strong plasma resonance effect (egs 2
and 3). On the other hand, the CB e~ could react with soluble
O, to produce reactive O,”® (eq 4). Correspondingly, h* was
left on VB. The photocatalytically produced h* (eq 1) and
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O,7® (eq 4) possess strong oxidation power to readily
decompose a wide spectrum of hazardous organics, including
TBP, into intermediates (egs S and 6).

hv
Ag/AgBr-CNTs = ecy” + hyg"

(1)
Ag(l) + e — Ag(0) )
Ag(0) 5 Ag(D) + ¢ ()
ecg +0,—> 0, (4)
TBP + hy,* — intermediates Q)
TBP + O,  — intermediates (6)

Furthermore, the superior e~ mobility of CNTs supporter of
these photocatalysts facilitates e™ transport to enhance the
electron—hole separation. Indeed, the efficient e™ transfer from
plasmon-induced Ag(0) nanoparticles to CNTs also enhance
the stability of Ag/AgBr-CNTs composites by maintaining the
plasmon-excited e~ away from AgBr, avoiding the electrons
being trapped by Ag" in AgBr, thus prevents the AgBr
decomposition during photocatalytic process. Therefore, the
high photocatalytic activity and modest stability of Ag/AgBr-
CNTs are ensued. Besides the enhancement of charge
separation, the photocatalytic reaction also involves in the
transportation of organic molecules onto the surface of catalyst
to speed up the photocatalytic degradation of organics." Since
the giant 7-conjugation between CNTs and TBP molecules,
CNTs would adsorb TBP molecules from the solution, and
thus facilitate the photocatalytic degradation of TBP at the
catalyst surface.** The band gap of AgCl and Agl are also
obtained as 2.92 and 2.86 eV, respectively, which is quite close
to that of AgBr. So the photocatalytic mechanism of other
photocatalysts should be similar to Ag/AgBr-CNTs.
Deactivation Mechanism of Used Photocatalysts. The
deactivation of Ag/AgBr-CNTs photocatalyst was also
evaluated by repeatedly performing S times of the TBP
degradation experiments using same catalyst (see Figure S6 in
the Supporting Information). Gradually decreased TBP
degradation efficiencies from 100 to 83% was obtained from
the second to fifth reuse cycles of the photocatalyst under 80
min VL irradiation. Such a slightly decreased activities within 5
resuse cycles suggests a modest stability of Ag/AgBr-
CNTs.'*"73? The modest stability of Ag/AgBr-CNTs could
be due to the supporting effect of CNTs for AgBr
photocatalyst. It is well-known that an effective charge
separation and transfer is important for photocatalytic activity
improvement.*”*®* Therefore, it is sound to believe that a
reinforced charge transfer and separation could be obtained in
Ag/AgBr-CNTs hybrid nanocomposites, where Ag/AgBr and
CNTs might act as e~ donor and e acceptor, respectively.'®
Although this newly prepared photocatalyst is relatively
efficient for degradation of TBP and stable under VL, the
deactivation mechanism of the photocatalyst should be
investigated. The slight reduce of the photocatalytic perform-
ance during the photocatalyst recycling reactions could be the
loss of small part of Ag" on the photocatalyst surface during
light irradiation, since Ag" could be reduced to metallic Ag(0)
by photogenerated e, which can be verified by XRD and XPS
analyses of prepared photocatalyst after reuse. As clearly
displayed in Figure S7 in the Supporting Information, the
reused Ag/AgBr-CNTs photocatalyst exhibits similar XRD
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patterns as the virgin phootocatalyst, suggesting the general
phase structure of the used photocatalyst is very stable and
unchanged. However, the diffraction intensity of AgBr
decreased slightly with the increased of the reusing times of
photocatalyst. In contrast, the diffraction intensity of Ag(0)
increases slightly, and two other observed diffraction peaks
located at 37.8 and 77.2° indexed to the phase of Ag(111) and
Ag(311) facets are obvious, suggesting that part of Ag" has
been reduced to metallic Ag(0) on the catalyst surface."™>'

To further confirm this observation, XPS patterns of
photocatalyst after S-reused cycles were investigated during
the degradation of TBP under VL irradiation (see Figure S8 in
the Supporting Information). The peak intensity of metallic
Ag(0) at ca. 368.5 and 374.6 eV are slightly higher for fifth
reused Ag/AgBr-CNTs photocatalyst than those of fresh and
reused once only once (see Figure S8 in the Supporting
Information). The ratio of Ag(I):Ag(0) is 2.94 in the fresh Ag/
AgBr-CNTs composite and decreased to 1.68 after one cycle of
reuse, and further decreased to 1.08 after 5 cycles of reuse. That
is, from the XRD and XPS data, it can be confirmed that the
amount of Ag(0) increased as the reused cycle number
increased. Furthermore, the binding energy of Br 3d 5/2 was
shifted nearly 1 eV to higher energy as the reused cycle number
increased. This is also due to the reduction of Ag" to metallic
Ag(0), leading to slightly changing the chemical environment of
Br™ on the photocayalyst surface, hence decreases the electron
density of surrounding Br™.

B CONCLUSIONS

In summary, Ag/AgX (X = Cl, Br, I) loaded CNTs
nanocomposite photocatalysts with high activity have been
successfully prepared via an ultrasonic assistant deposition-
precipitation method at room temperature. The Ag/AgX-CNTs
(X = Cl, Br, I) exhibit excellent photocatalytic activity due to
the enhancement of photogenerated charge-hole pairs separa-
tion and transportation from plasmon-excited Ag(0) nano-
particles. The order of VLD photocatalytic activity is Ag/AgBr-
CNTs > Ag/AgCl-CNTs > Ag/Agl-CNTs. Among them, the
Ag/AgBr-CNTs exhibit the best photocatalytic activity and
modest stability. The results indicate that the as-prepared
photocatalysts have potential application in the abatement of
organic pollutants in water. As far as we know, this is the first
work about the assembly of CNTs with plasmonic Ag(0)
photocatalysts. The investigation can open a new opportunity
to develop novel CNTs-based photocatalysts involved in
plasmonic effect that utilize visible light to decompose harmful
organics.
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