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Highly Efficient Visible-Light Plasmonic Photocatalyst Ag@AgBr

Peng Wang,"” Baibiao Huang,*'"! Xiaoyang Zhang,""! Xiaoyan Qin,"™! Hao Jin,"

Ying Dai,””! Zeyan Wang,"! Jiyong Wei,"! Jie Zhan,*! Shaoying Wang,

[a]

Junpeng Wang,®! and Myung-Hwan Whangbo'*

Photocatalysts that are active under sunlight are extreme-
ly important in connection with removing organic pollutants
in the environment. Desirable photocatalysts are those that
can carry out complete decomposition of organic pollutants
at low levels.! The most extensively studied photocatalyst,
TiO,, has a large band gap (i.e., 3.2eV for anatase and
3.0eV for rutile) and hence absorbs only the UV light,
which accounts for only 4% of the total sunlight, to gener-
ate charge carriers for promoting the surface redox reac-
tions. Due to this inherent property of TiO,, its practical ap-
plications are rather limited. To effectively utilize the visible
light that constitutes 43 % of the total sunlight, it is impor-
tant to find a photocatalyst that is active and efficient under
visible light. Much effort has been devoted to developing
“second-generation” TiO,? and other narrow band gap
semiconductors® that can absorb visible light. Photocata-
lysts active under visible light are not necessarily limited to
semiconductors with a narrow band gap, but can include
semiconductors with a large band gap that can work syner-
getically with nanoparticles of a noble metal.

Nanoparticles of noble metals exhibit unique optical prop-
erties that arise from the collective oscillation of the conduc-
tion electrons upon interaction with electromagnetic radia-
tion, namely, the localized surface plasmon resonance
(SPR).* For an ensemble of isolated nanoparticles, the
shape, the amplitude, and the frequency of the maximum
absorbance of the surface plasmon absorption band depend
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on the effective dielectric constant of the surrounding
medium as well as their morphology and size distribu-
tion.["?) SPR can dramatically amplify the absorption of visi-
ble light and is therefore important in developing efficient
visible-light photocatalysts.'*""! Chen etal. have utilized
SPR to develop Au/ZrO, and Au/SiO, plasmonic photocata-
lystsl'” with efficient photocatalytic activity under visible-
light illumination. Silver nanoparticles also have an efficient
plasmon resonance in the visible region and have been used
in developing plasmonic photocatalysts.!'"'? Awazu et al.ll!]
showed that TiO, deposited on nanoparticles consisting of a
silver core covered with a silica (SiO,) shell exhibits en-
hanced photocatalytic activity under UV illumination. Re-
cently, we have developed a new plasmonic photocatalyst,
Ag@AgCl, which has silver nanoparticles deposited directly
onto the surface of AgCl particles,"” which is highly effi-
cient and stable under visible-light illumination. Herein, we
describe the synthesis and characterization of an analogous
plasmonic photocatalyst, Ag@AgBr, which is more efficient
than Ag@AgCl under visible-light illumination.

Silver bromide, which has a band gap of 2.6 eV, is a pho-
tosensitive compound extensively used as a source material
in photographic films. Recently, AgBr has been used as an
absorption layer for enhancing the efficiency of a photocata-
lyst. Hu et al.l'® demonstrated that Ag/AgBr/TiO, prepared
by the deposition—precipitation method is photoactive in de-
stroying bacteria under visible light, and Ag" species on the
surface of the catalyst probably enhance the electron-hole
separation and interfacial charge transfer. Gholami et al."!
fabricated the visible-light photocatalyst, apatite-coated Ag/
AgBr/TiO,, for the destruction of bacteria. The photocata-
lyst Ag@AgBr described in this work is based on SPR,
which dramatically amplifies the absorption of visible light
and makes Ag@AgBr an efficient visible-light photocatalyst.

Our synthesis and characterization of Ag@AgBr are de-
scribed in detail in the Supporting Information. A powder
X-ray diffraction (XRD) pattern (Figure 1) of the as-pre-
pared Ag@AgBr sample (for experimental details, see the
Experimental Section) shows the coexistence of Ag (JCPDS
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Figure 1. XRD patterns of a) Ag, b) AgBr, c) as-prepared Ag@AgBr.

file: 65-2871) and AgBr (JCPDS file: 6-438). The phase of
Ag is cubic in the space group Fm3m with lattice constants
a=4.0861 A, and that of AgBr is also cubic in the space
group Fm3m and lattice constants a=>5.7745 A. Scanning
electron microscopy (SEM) images of the Ag@AgBr prod-
uct (Figure 2) show that silver nanoparticles with a diameter

Figure 2. SEM images of a typical as-prepared Ag@AgBr sample: a) low
resolution and b) high resolution.

in the range of 0.05-0.38 um are formed on the surface of
AgBr particles with diameters in the range of 0.33-1.5 pm.
The UV/Vis diffuse reflectance spectra of Ag@AgBr, AgBr,
and N-doped TiO, (used as our reference photocatalyst) are
compared in Figure 3. In contrast to the case of AgBr and
N-doped TiO,, Ag@AgBr has a strong absorption in the
visible region, which is almost as strong as that in the UV
region due to the plasmon resonance of silver nanoparticles
deposited on AgBr particles. For light with a wavelength
much greater than the diameter of a silver nanoparticle, the
electromagnetic field across the entire silver nanoparticle is
essentially uniform. As the electromagnetic field oscillates,
the weakly bound electrons of the silver nanoparticle re-
spond collectively, giving rise to a plasmon state. When the
incident light frequency matches the plasmon oscillation fre-
quency, light is absorbed, resulting in a surface plasmon ab-
sorption. The nanoparticles deposited on AgBr have a large
number of different shapes and diameters so that their plas-
mon oscillations cover a wide range of frequencies,’>'" and
hence Ag@AgBr can absorb in a wide range of visible light
and UV.
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Figure 3. UV/Vis diffuse reflectance spectra of Ag@AgBr, AgBr, and N-
doped TiO..

The photooxidation activity of Ag@AgBr was evaluated
by photocatalytic decomposition of isopropyl alcohol (IPA).
Figure 4 shows the photocatalytic decomposition (versus
time) of IPA over Ag@AgBr under visible-light irradiation

0.8+
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Figure 4. Mole fraction x of IPA that remains unoxidized as a function of
irradiation time ¢ over Ag/AgBr, N-doped TiO, under visible-light irradi-
ation (A > 400 nm).

(A > 400 nm). CO, is the final product in the photocatalytic
oxidation of organic contaminants."” It is striking that about
40 % of the IPA is oxidized to CO, after irradiating the IPA
solution over Ag@AgBr for only 5min. For comparison,
IPA decomposition over N-doped TiO, was also carried out
under the same conditions (Figure 4); N-doped TiO, was
found to be inactive. In experiments either without irradia-
tion or without the photocatalyst, no generated CO, was de-
tected.

Figure 5 shows how the solution of methylic orange (MO)
over Ag@AgBr changes its color as a function of the irradia-
tion time with visible light (A > 400 nm). The results of MO
decomposition over Ag@AgCl and N-doped TiO, are also
given in Figure 5 for comparison. The decomposition of MO
dye over Ag@AgBr is completed after irradiation for
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Figure 5. Colors of the MO solution over catalysts Ag@AgBr, Ag@AgCl
and N-TiO, as a function of the irradiation time (in min) with visible
light (A > 400 nm).

10 min, but that over Ag@AgCl takes 15 min. The bleaching
of MO over N-TiO, is slow. Provided that the bleaching re-
action follows a pseudo-first-order reaction, the rate of MO-
dye decomposition over Ag@AgBr is about 0.2 mgmin,
which is faster than that over Ag@AgCl by a factor of 1.5.
In decomposition experiments in the dark with Ag@AgBr
and under full arc light irradiation without Ag@AgBr, the
MO concentration remains unchanged as a function of the
irradiation time, thereby demonstrating that Ag@AgBr is a
photocatalyst active under visible light. The repeated MO-
bleaching experiment on Ag@AgBr, similar to that for
Ag@AgCL" revealed that Ag@AgBr is stable for repeated
MO bleaching. The stability of Ag@AgBr under light irradi-
ation can be attributed to the fact that a photon is absorbed
by the silver nanoparticles, and an electron separated from
an absorbed photon remains in the nanoparticles rather
than being transferred to the Ag™ ions of the AgBr lattice.
In general, photo-generated electrons are expected to be
trapped by O, molecules in the solution to form superoxide
ions (O,7) and other reactive oxygen species.'¥

Compared with Ag@AgCl,"™> Ag@AgBr has a weaker ab-
sorption in visible light, and the oxidization ability of Br” is
weaker than Cl°. Nevertheless, Ag@AgBr is more photoca-
talytically active than Ag@AgCl by a factor of 1.5. This ap-
parently puzzling observation can be explained by consider-
ing the three steps involving the photocatalytic reaction of
Ag@AgX (X=Cl, Br): 1) the light-absorption to generate
an electron and a hole, 2) the combination of a photo-gener-
ated hole with X~ to form X° (i.e., 349 vs. 324 kImol ),
and 3) the oxidation by X°. The electron affinity of Br’ is
lower than that of Cl°, which makes it easier for Br~ than
for Cl” to combine with a hole. Thus, our experimental ob-
servation indicates that the rate-determining step of the
photocatalytic reaction is the step in which a hole combines
with X~ to form X’ In addition, the higher photocatalytic
efficiency of AgBr compared with that of AgCl may also
arise from the fact that AgBr has a smaller band gap than
AgCL
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In summary, the plasmonic photocatalyst Ag@AgBr is ef-
ficient and stable under visible light. Ag@AgBr can absorb
in a wide range of visible light and UV because the nanopar-
ticles on AgBr have a large number of different shapes and
diameters. Despite the fact that Br” has a lower oxidizing
power than CI°, Ag@AgBr is a more efficient photocatalyst
than Ag@AgCl, because the rate-determining step of photo-
oxidation is the step in which a hole combines with X~ to
form X° (X=ClI, Br) and because CI” has a higher electron
affinity than Br’.

Experimental Section

Ag,Mo0, was prepared as described elsewhere."”! AgBr was synthesized
by the ion-exchange reaction between Ag,MoO, and HBr. Ag,MoO, was
sonicated in concentrated HBr until the completion of the ion-exchange
process.” This process yields MoO;, which is dissolved in excess HBr,
and AgBr, which is precipitated. The AgBr precipitate was collected and
washed with deionized water. The resulting AgBr was irradiated by using
the 300W Xe arc lamp (providing visible light A > 300 nm). Then the re-
sulting precipitate, which has silver NPs deposited on AgBr particles (see
below), was washed and dried in air. The crystal structure of the
Ag@AgBr sample was examined by XRD (Bruker AXS D8), its mor-
phology by SEM (Hitachi S-4800 microscopy), and its diffuse reflectance
by UV/Vis spectroscopy (UV-2550, Shimadzu). A reference photocata-
lyst, N-doped TiO,, was prepared by nitridation of commercially avail-
able TiO, powder (with a surface area of 50 m*’g™") at 773K for 10 h
under NH; flow (flow rate of 350 mL min~").%!! The activities of the pho-
tocatalysts Ag/AgBr were evaluated by examining the decomposition of
isopropyl alcohol (IPA) and the degradation of MO dye. The photocata-
lytic decomposition of IPA was performed with 0.2 g of the powdered
photocatalyst placed at the bottom of a Pyrex glass cell (200 mL) at
room temperature in a gas-closed system, the reaction solution consisted
of IPA (7 mL), and deionized water (70 mL). The photocatalytic degrada-
tion of MO dye was carried out with 0.2 g of the powdered photocatalyst
suspended in a 100 mL solution of MO dye prepared by dissolving MO
powder (20 mg) in distilled water (1 L) in a Pyrex glass cell at room tem-
perature under air. The optical system for detecting the catalytic reaction
included a 300 W Xe arc lamp (focused through a shutter window) with a
UV cutoff filter (providing visible light A > 400 nm). CO, was detected
by gas chromatograph (Varian, CP-3800) with a flame ionization detector
equipped with a methanizer, and the degradation of MO dye was moni-
tored by UV/Vis spectroscopy (UV-7502PC, Xinmao, Shanghai).

Acknowledgements

We thank the National Basic Research Program of China (973 Program,
Grant 2007CB613302), the National Natural Science Foundation of
China under Grant 50721002, 10774091. M.-H. W. thanks the support by
the Office of Basic Energy Sciences, Division of Materials Sciences, U. S.
Department of Energy, under Grant DE-FG02-86ER45259.

Keywords: heterogeneous catalysis - nanostructures -

plasmon photocatalysts - silver

[1] X. Tao, W. Ma, T. Zhang, J. Zhao, Angew. Chem. 2001, 113, 3103 -
3105; Angew. Chem. Int. Ed. 2001, 40, 3014-3016.

[2] a)S. Livraghi, A. Votta, M. C. Paganini, E. Giamello, Chem.
Commun. 2005, 498-500; b) K. S. Yang, Y. Dai, B. B. Huang, M.-H.
Whangbo, Chem. Mater. 2008, 20, 6528—6534.

www.chemeurj.org — 1823


http://dx.doi.org/10.1002/1521-3757(20010817)113:16%3C3103::AID-ANGE3103%3E3.0.CO;2-M
http://dx.doi.org/10.1002/1521-3757(20010817)113:16%3C3103::AID-ANGE3103%3E3.0.CO;2-M
http://dx.doi.org/10.1002/1521-3757(20010817)113:16%3C3103::AID-ANGE3103%3E3.0.CO;2-M
http://dx.doi.org/10.1002/1521-3773(20010817)40:16%3C3014::AID-ANIE3014%3E3.0.CO;2-M
http://dx.doi.org/10.1002/1521-3773(20010817)40:16%3C3014::AID-ANIE3014%3E3.0.CO;2-M
http://dx.doi.org/10.1002/1521-3773(20010817)40:16%3C3014::AID-ANIE3014%3E3.0.CO;2-M
http://dx.doi.org/10.1039/b413548b
http://dx.doi.org/10.1039/b413548b
http://dx.doi.org/10.1039/b413548b
http://dx.doi.org/10.1039/b413548b
http://dx.doi.org/10.1021/cm801741m
http://dx.doi.org/10.1021/cm801741m
http://dx.doi.org/10.1021/cm801741m
www.chemeurj.org

CHEMISTRY

B. Huang et al.

A EUROPEAN JOURNAL

[3] a) B. B. Kale, J. O. Baeg, S. M. Lee, H. Chang, S. J. Moon, C. W. Lee,
Adv. Funct. Mater. 2006, 16, 1349-1354; b) W. F. Yao, X. H. Xu, H.
Wang, J. T. Zhou, X. N. Yang, Y. Zhang, S. X. Shang, B. B. Huang,
Appl. Catal. B 2004, 52, 109-116.

[4] X.H. Huang, I. H. El-Sayed, W. Qian, M. A. El-Sayed, J. Am.
Chem. Soc. 2006, 128, 2115-2120.

[5] H. Liu, D. A. Genov, D. M. Wu, Y. M. Liu, Z. W. Liu, C. Sun, S.N.
Zhu, X. Zhang, Phys. Rev. B 2007, 75, 073101(1-4).

[6] K. L. Kelly, E. Coronado, L. L. Zhao, G. C. Schatz, J. Phys. Chem. B
2003, 107, 668—677.

7] Absorption and Scattering of Light by Small Particles (Eds.: C.F.
Bohren, D. R. Huffman), Wiley, New York, 1998.

[8] Optical Properties of Metal Clusters (Eds.: U. Kreibig, M. Vollmer),
Springer, Berlin, 1995.

[9] H. Wang, D. W. Brandl, P. Nordlander, N. J. Halas, Acc. Chem. Res.
2007, 40, 53-62.

[10] X. Chen, H. Y. Zhu, J. C. Zhao, Z.F. Zheng, X.P. Gao, Angew.
Chem. 2008, 120, 5433-5436; Angew. Chem. Int. Ed. 2008, 47, 5353 -
5356.

[11] K. Awazu, M. Fujimaki, C. Rockstuhl, J. Tominaga, H. Murakami,
Y. Ohki, N. Yoshida, T. Watanabe, J. Am. Chem. Soc. 2008, 130,
1676-1680.

[12] P. Wang, B. B. Huang, X. Y. Qin, X. Y. Zhang, Y. Dai, J. Y. Wei, M.-
H. Whangbo, Angew. Chem. 2008, 120, 8049-8051; Angew. Chem.
Int. Ed. 2008, 47, 7931-7933.

[13] C. Hu, Y. Q. Lan, J. H. Qu, X. X. Hu, A. M. Wang, J. Phys. Chem. B
2006, 110, 4066—-4072.

[14] M. R. Elahifard, S. Rahimnejad, S. Haghighi, M. R. Gholami, J. Am.
Chem. Soc. 2007, 129, 9552-9553.

[15] P.K. Jain, W. Huang, M. A. El-Sayed, Nano Lett. 2007, 7, 2080—
2088.

[16] G. Guo, N. Liu, L. Fu, T. P. Meyrath, T. Zentgraf, H. Schweizer, H.
Giessen, Opt. Express 2007, 15, 12095-12101.

[17] J. L. Falconer, K. A. Magrini-Bair, J. Catal. 1998, 179, 171-178.

[18] M. R. Hoffmann, S. T. Martin, W. Choi, W. Bahnemann, Chem. Rev.
1995, 95, 69-96.

[19] a) http://en.wikipedia.org/wiki/Electron affinity; b) C.E. Moore,
National Standard Reference Data Series 34, Washington: National
Bureau of Standards, U. S. Government, 1970; c) C. Blondel, P. Cac-
ciani, C. Delsart, R. Trainham, Phys. Rev. A 1989, 40, 3698-3701.

[20] One might expect that Ag@AgI is also an efficient and stable photo-
catalyst. Agl is synthesized by the ion-exchange process between
Ag,Mo0O, and HI. However, when the resulting Agl is irradiated by
using the 300 W Xe arc lamp, Ag@Agl is not produced according to
our XRD measurements.

[21] K. Maeda, Y. Shimodaira, B. Lee, K. Teramura, D. Lu, H. Kobaya-
shi, K. Domen, J. Phys. Chem. C 2007, 111, 18264-18270.

[22] P. Wang, B. B. Huang, X. Y. Zhang, X. Y. Qin, Y. Dai, H. Jin, J. Y.
Wei, M.-H. Whangbo, Chem. Eur. J. 2008, 14, 10543 -10546.

Received: November 9, 2008
Published online: January 7, 2009

1824 —

www.chemeurj.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Eur. J. 2009, 15, 18211824


http://dx.doi.org/10.1002/adfm.200500525
http://dx.doi.org/10.1002/adfm.200500525
http://dx.doi.org/10.1002/adfm.200500525
http://dx.doi.org/10.1016/j.apcatb.2004.04.002
http://dx.doi.org/10.1016/j.apcatb.2004.04.002
http://dx.doi.org/10.1016/j.apcatb.2004.04.002
http://dx.doi.org/10.1021/ja057254a
http://dx.doi.org/10.1021/ja057254a
http://dx.doi.org/10.1021/ja057254a
http://dx.doi.org/10.1021/ja057254a
http://dx.doi.org/10.1021/jp026731y
http://dx.doi.org/10.1021/jp026731y
http://dx.doi.org/10.1021/jp026731y
http://dx.doi.org/10.1021/jp026731y
http://dx.doi.org/10.1021/ar0401045
http://dx.doi.org/10.1021/ar0401045
http://dx.doi.org/10.1021/ar0401045
http://dx.doi.org/10.1021/ar0401045
http://dx.doi.org/10.1002/ange.200800602
http://dx.doi.org/10.1002/ange.200800602
http://dx.doi.org/10.1002/ange.200800602
http://dx.doi.org/10.1002/ange.200800602
http://dx.doi.org/10.1002/anie.200800602
http://dx.doi.org/10.1002/anie.200800602
http://dx.doi.org/10.1002/anie.200800602
http://dx.doi.org/10.1021/ja076503n
http://dx.doi.org/10.1021/ja076503n
http://dx.doi.org/10.1021/ja076503n
http://dx.doi.org/10.1021/ja076503n
http://dx.doi.org/10.1002/ange.200802483
http://dx.doi.org/10.1002/ange.200802483
http://dx.doi.org/10.1002/ange.200802483
http://dx.doi.org/10.1002/anie.200802483
http://dx.doi.org/10.1002/anie.200802483
http://dx.doi.org/10.1002/anie.200802483
http://dx.doi.org/10.1002/anie.200802483
http://dx.doi.org/10.1021/jp0564400
http://dx.doi.org/10.1021/jp0564400
http://dx.doi.org/10.1021/jp0564400
http://dx.doi.org/10.1021/jp0564400
http://dx.doi.org/10.1021/ja072492m
http://dx.doi.org/10.1021/ja072492m
http://dx.doi.org/10.1021/ja072492m
http://dx.doi.org/10.1021/ja072492m
http://dx.doi.org/10.1021/nl071008a
http://dx.doi.org/10.1021/nl071008a
http://dx.doi.org/10.1021/nl071008a
http://dx.doi.org/10.1364/OE.15.012095
http://dx.doi.org/10.1364/OE.15.012095
http://dx.doi.org/10.1364/OE.15.012095
http://dx.doi.org/10.1006/jcat.1998.2215
http://dx.doi.org/10.1006/jcat.1998.2215
http://dx.doi.org/10.1006/jcat.1998.2215
http://dx.doi.org/10.1021/cr00033a004
http://dx.doi.org/10.1021/cr00033a004
http://dx.doi.org/10.1021/cr00033a004
http://dx.doi.org/10.1021/cr00033a004
http://dx.doi.org/10.1103/PhysRevA.40.3698
http://dx.doi.org/10.1103/PhysRevA.40.3698
http://dx.doi.org/10.1103/PhysRevA.40.3698
http://dx.doi.org/10.1021/jp0765188
http://dx.doi.org/10.1021/jp0765188
http://dx.doi.org/10.1021/jp0765188
http://dx.doi.org/10.1002/chem.200801733
http://dx.doi.org/10.1002/chem.200801733
http://dx.doi.org/10.1002/chem.200801733
www.chemeurj.org

