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Abstract Flower-like nanostructured ZnO and Ag/

ZnO catalysts were synthesized at ambient condition

by a facile one-pot ultrasonic irradiation process. The

ZnO morphology could be modified by both ultrasonic

frequency and Ag amount. The acoustic cavitation

effect dependent on ultrasonic frequency directly

affects ZnO morphology. Doping of Ag not only

promotes the transformation of zinc hydroxide to

oxide, facilitating the formation of flower-like ZnO,

but also enhances the photocatalytic degradation of

Rhodamine B due to the promoted electron–hole

segregation. The optimized ratio of Ag/Zn is 5 %

(atomic ratio); more Ag can cover the surface of ZnO,

decreasing the UV–vis light availability and mass

transfer efficiency during reaction. The catalysts

prepared at different ultrasonic frequencies show

different UV–vis light absorbances and different

UV–vis light availabilities. Among the catalysts of

Ag/ZnO with 5 % Ag (ZA5-x), ZA5-100 prepared

using 100 kHz ultrasonic frequency possesses the

highest UV–vis light absorbance and best photocata-

lytic activity. Potential mechanisms for flower-like

ZnO growth and Rhodamine B photodegradation are

proposed.

Keywords Nano-materials � Photocatalysis �
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Introduction

Zinc oxide (ZnO) with a direct wide band gap (3.37 eV)

and a large exciton binding energy (60 meV) have been

widely used as a very important II–VI semiconductor in

our daily life (Klingshirn et al. 2010). It is well known

that nanoscale materials have many different properties

from bulk materials, such as small size effect, surface

effect, quantum effect, and macroscopic quantum tunnel

effect (Buzea et al. 2007), so the synthesis and properties

investigation of nano-materials have become one

important research hotspot in the last two decades.

Nano ZnO has also attracted much attention owing to its

promising applications in the fields of piezoelectricity

(Wang et al. 2004), emitter (Zhao et al. 2006), detector

(Look 2001), solar cells (Zhang et al. 2008a), amplifier

(Yamamoto 2000), sensor (Roy and Basu 2002), and so

on. Up to now, lots of methods have been developed for

the preparation of nano ZnO, and various kinds of

nanostructured ZnO materials have been successfully

fabricated (Wang 2004). However, most of these

methods often need rigorous conditions involving

extreme reaction parameter, expensive equipments,

and tedious operation steps. Therefore, the development

of more facile preparation for nano ZnO materials is
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rather significant and highly expected, although there

are so many challenges.

Ultrasonic wave, generally referring to the acoustic

wave with frequency more than 20 kHz, is widely

used in the laboratory and industry. It is well known

that the ultrasonic can induce acoustic cavitation effect

in the liquids, i.e., some small bubbles are formed,

then grow, and then implosively collapse under

ultrasonic radiation (Suslick 1990). Because of the

adiabatic compression of gas in these bubbles, a good

deal of energy will be released during the implosive

collapses process. As a result, many localized hotspots

can be formed around these collapse bubbles. In the

surrounding regions of these hotspots the pressure can

reach as high as 20 MPa, and the transient temperature

can reach nearly 5,000 K; however, the cooling rate

can exceed 1010 K/s. The thickness of the hotspot

region is about 200 nm from the bubbles interface, and

the average lifetime of hotspots is only about 2 ls.

Due to the acoustic cavitation effect, ultrasonic can

initiate some kinds of chemical reactions which cannot

take place at ambient condition, such as the decom-

position of H2O to H� and OH�. This property of

ultrasonic makes it highly applicable in the field of

nano-materials synthesis (Bang and Suslick 2010). In

recent years, lots of ZnO nanostructures have been

successfully synthesized by many methods with

ultrasonic assistance (Zheng et al. 2010; Zhou et al.

2006; Zhang et al. 2008b; Mishra et al. 2010; Uma

et al. 2009). However, ultrasonic is mainly used for the

pretreatment or posttreatment of solutions, suspen-

sions, or solid precursors at required temperatures

during nano-materials preparation. Up to now, only a

few works have been focused on the synthesis of nano

ZnO directly using ultrasonic irradiation at room

temperature (Amir et al. 2013; Liu et al. 2012; Jung

et al. 2008). However, as far as we know, the influence

of ultrasonic frequency on the synthesis of flower-like

nano ZnO is seldom reported. Actually, compared

with conventional methods, such as co-precipitation,

sol–gel, emulsion, hydrothermal synthesis, etc., the

method of ambient independent ultrasonic irradiation

possesses many advantages, e.g., the short reaction

time, simplicity of operation, convenience of equip-

ment, low energy consumption, and potential large-

scale industrialization, and thus the exploration and

employment of ambient independent ultrasonic irra-

diation for the synthesis of nano-materials including

ZnO is of great significance.

With the rapid development of industry, water

pollution becomes more and more serious. Traditional

water treatments are mainly based on physical meth-

ods, such as adsorption, filter, and sedimentation,

which usually need further treatment and may result in

the secondary pollution. Photocatalytic degradation

can overcome these shortcomings by directly remov-

ing various pollutants in wastewater with high

efficiency (Bhatkhande et al. 2001). Generally, when

the semiconductor is irradiated by the light with

energy equal to or higher than its band gap, the

electrons of the valence band (VB) can be excited to

the conduction band (CB) and leave the holes in VB

for charge balance. Some of these electrons and holes

can migrate to the semiconductor surface and then be

captured by oxygen and surface hydroxyl species,

respectively, further forming the superoxide radical

anion (�O2
-) and hydroxide free radical (�OH) which

are highly active for pollutants degradation. However,

the electrons and holes are inclined to recombine

before reacting with pollutants. So, the high-segrega-

tion efficiencies of electrons and holes are rather

important for good photocatalysts (Mccullagh et al.

2011; Gerven et al. 2007). For nanosized ZnO, the

mean free path of electrons is also in nanoscale, which

makes the electrons and holes readily migrate to the

surface for reactions, as a result, the nano ZnO

materials often show much better photocatalytic

activity than bulk ones (Murphy and Jana 2002; Liu

et al. 2009). In addition, it has been found that the

interaction between Ag and ZnO can effectively

inhibit the electron–hole recombination due to the

electron sink effect of Ag (Georgekutty et al. 2008;

Zheng et al. 2007a; Zhang and Mu 2007; Lai et al.

2010). Therefore, the doping of Ag to ZnO is an

effective way to improve its photocatalytic activity.

In present work, a series of flower-like ZnO and Ag/

ZnO photocatalysts were successfully fabricated by a

facile one-pot ultrasonic irradiation process at ambient

condition. The synthesized materials are characterized

by X-ray diffraction (XRD), field-emission scanning

electron microscopy (FESEM), transmission electron

microscopy (TEM), UV–vis diffuse reflectance spec-

troscopy (UV–vis DRS), Fourier transform infrared

spectroscopy (FT-IR), and thermogravimetric analysis

(TG). It is found that the ultrasonic frequency

determines the energy released from the acoustic

cavitation effect, which can be employed to adjust the

morphology of nano ZnO materials; the doping of Ag?
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promotes the transformation of zinc hydroxide to zinc

oxide, facilitating the formation of nanostructured

flower-like ZnO. Based upon multiple characteriza-

tion results, the influences of both the ultrasonic

frequency and the dosage of Ag? on the photocatalytic

activity of ZnO for Rhodamine B degradation are

carefully investigated; meanwhile, potential stepwise

mechanisms for flower-like ZnO growth and for

Rhodamine B photodegradation over as-synthesized

ZnO and Ag/ZnO are proposed or discussed

particularly.

Results and discussion

Characterization results

Figure 1 shows the XRD patterns of as-synthesized

catalysts Z-x and that doped with 5 % Ag (ZA5-x). It

can be seen that for the catalysts Z-x only wurtzite-

structured hexagonal ZnO (JCPDS 65-3411) is

detected, while for ZA5-x face-centered-cubic (FCC)

metallic Ag (JCPDS 65-2871) can also be identified

except for hexagonal ZnO phase. No obvious shift for

the diffraction peaks of ZnO in the XRD patterns of

ZA5-x is observed, indicating that no solid solution

between Ag and ZnO is formed (Zheng et al. 2007a).

These results demonstrate that ZnO or Ag/ZnO has

been successfully synthesized through the facile

independent ultrasonic irradiation method. Comparing

the XRD patterns of ZA5-x with those of Z-x, it is

easily found that all the diffraction peaks of ZA5-x are

much stronger and sharper than those of Z-x, suggest-

ing that the doping of Ag into ZnO can facilitate the

crystallization of ZnO. For the catalysts Z-x, with the

increase of ultrasonic frequency the diffraction peaks

gradually become weaker, implying the decrease of

ZnO crystallization degree.

Figure 2 shows the SEM images of the catalysts

Z-x. It is clearly seen that some flower-like structures

are formed in both of Z-45 and Z-80 samples although

their appearances are different. The diameter of the

flower in Z-45 is about 2 lm, while it is nearly 5 lm in

Z-80. Some irregular particles and blocks are also

found on the surface of these flowers in Z-45 and Z-80

catalysts as shown in Fig. 2a–d. For Z-100, its

morphology seems quite different from those of

Z-45 and Z-80. As shown in Fig. 2e, no any flower-

like structure in Z-100 can be found except the blocks.

These blocks are formed by the aggregation of some

irregular particles as seen in Fig. 2f. Therefore, it is

concluded that low-ultrasonic frequency used in the

preparation is more favorable to the formation of

flower-like morphology of ZnO.

The SEM images of Ag-doped catalysts ZA5-45,

ZA5-80, and ZA5-100 are shown in Fig. 3. It is found

that the morphology of ZnO changes a lot after Ag is

doped. From the SEM images of ZA5-45, as shown in

Fig. 3a, b, it can be seen that some flower-like

structures with the diameter of several hundred

nanometers can be distinguished, which is quite

different from that of Z-45 in Fig. 2a, b. These flowers

adhere to each other irregularly, leading to the

formation of some blocks. The morphologies of

ZA5-80 and ZA5-100 are similar to each other,

showing uniform and well-defined flower-like struc-

tures as shown in Fig. 3c–f, but they are also different

from those for Z-80 and Z-100 in Fig. 2c–f. In

addition, it is worth noting that there are also many

small spheres which are randomly scattering on the

surface of all ZA5-x samples as seen in Fig. 3. By

comparison, it is summarized that the doping of Ag

into ZnO can greatly influence its morphology under

ultrasonic irradiation, especially at higher ultrasonic

frequency, such as 80 and 100 kHz.

Figure 4a, b are the TEM images of ZA5-100 with

low and high magnification, respectively. It is

observed that during TEM tests, the flower-like

structures in ZA5-100 can be very well maintained

and the small spheres are still strongly attached on the

surface. The local EDS analysis on the designated area
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Fig. 1 XRD patterns of the catalysts ZA5-x and Z-x
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in Fig. 4b confirms that this sample is only composed

of Ag, Zn, and O elements (C and Cu come from the

copper grid used for supporting sample during TEM

measurement) as seen in Fig. 4c, indicating that Ag

has been successfully doped into the ZnO sample via a

facile one-pot independent ultrasonic irradiation.

Figure 5 shows the UV–vis spectra of Z-x and ZA5-

x. The characteristic absorption edge of ZnO can be

distinguished in both Z-x and ZA5-x as indicated in

Fig. 5a, b, however, the UV–vis absorption perfor-

mance is apparently changed as Ag is doped. From

Fig. 5b, it can be clearly seen that there is also an

absorption band near 490 nm for all the ZA5-x cata-

lysts besides the absorption edge of ZnO, which can be

assigned to the characteristic absorption of surface

plasmon resonance (SPR) caused by nano metallic Ag

(Zheng et al. 2007a). In addition, by comparing

Fig. 5b with Fig. 5a, it can still be found that the UV–

vis absorbance is greatly enhanced after Ag doping.

Among the catalysts of Z-x, Z-45 shows the highest

absorbance with a value of 0.5 in the UV area. In the

catalysts ZA5-x, ZA5-80 exhibits the lowest absor-

bance but the absorbance value is even near to 0.5 in

the visual light area. The UV–vis results further

confirm the successful formation of ZnO or Ag/ZnO

by the facile independent ultrasonic irradiation, which

show good UV–vis absorption performance.

Figure 6 shows the FT-IR spectra of ZA5-x and

Z-x. The absorption band at 500 cm-1 is assigned to

the characteristic absorption of ZnO (Zheng et al.

2007b), which can be distinguished in all the spectra

for ZA5-x and Z-x samples. All the absorption bands

of ZnO for Z-45 are much stronger than those for Z-80

and Z-100. These results are consistent with those of

XRD, and further evidence that both the employment

of low-ultrasonic frequency and the doping of Ag are

favorable to the formation of ZnO crystal. However, in

the catalysts ZA5-x and Z-x the presence of a small

Fig. 2 SEM images of Z-x catalysts: a, b for Z-45; c, d for Z-80; e, f for Z-100
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amount of hydroxides such as Zn(OH)2 and AgOH

cannot be totally excluded, although the FT-IR spectra

show no characteristic bands of them. To make clear

of this point, the samples are characterized by TG

technique, the results of which are shown in Fig. 7. It

is seen that the weight loss of each catalyst is very low

before 120 �C, and the main weight loss occurs

between 120 and 350 �C. The weight loss before

120 �C can be assigned to the volatilization of surface

adsorbed water, while the main weight loss between

120 and 350 �C is attributed to the thermal decompo-

sition of hydroxide such as Zn(OH)2 and AgOH. The

gradual weight loss after 350 �C corresponds to the

gradual loss of surface hydroxyl groups in the form of

water (Lai et al. 2011). To know the influence of

ultrasonic frequency and Ag doping on the growth of

ZnO, the total weight loss from room temperature to

800 �C of each catalyst is calculated and listed in

Table 1. It can be seen that the weight loss increases

with the elevation of ultrasonic frequency used in the

preparation, and the weight loss of Z-x is much larger

than that of the corresponding ZA5-x catalyst. That is

to say, both the low-ultrasonic frequency and the

doping of Ag can effectively decrease the contents of

hydroxides, which is favorable to the formation of

ZnO crystal and the increase of photocatalytic activity.

Growth mechanism

In the alkali solution and at room temperature, the

Zn(OH)4
2-or Zn(OH)2 species are easily formed, as

shown by Eqs. 1 and 2, but they cannot directly

transform to ZnO. After the employment of ultrasonic

irradiation during preparation, the situation will change

Fig. 3 SEM images of ZA5-x catalysts: a, b for ZA5-45; c, d for ZA5-80; e, f for ZA5-100
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a lot. Due to the acoustic cavitation effect, the ultrasonic

irradiation can initiate some kinds of chemical reactions

which hardly take place at ambient condition, such as

the decomposition of H2O into H� and OH� radicals as

shown in Eq. 3. Although most of these radicals will be

immediately consumed through the reaction between

themselves as indicated in Eqs. 4–6, some radicals can

still be captured by zinc ions and then leading to the

formation of ZnO as shown in Eq. 7. In addition,

ultrasonic irradiation can also promote the transforma-

tion of Zn(OH)4
2-to Zn(OH)2 and/or Zn(OH)2 to ZnO,

further facilitating the formation of ZnO (Mazloumi

et al. 2009), as presented in Eqs. 8 and 9.

Zn2þ þ 4OH� ! Zn OHð Þ4
2� ð1Þ

Zn2þ þ 2OH� ! Zn OHð Þ2# ð2Þ

H2O
����!Ultrasonic

H: þ OH: ð3Þ
H: þ OH: ! H2O ð4Þ
H: þ H: ! H2 ð5Þ

OH: þ OH: ! H2O2 ð6Þ

Zn2þ þ 2OH:
����!Ultrasonic

ZnO # þ H2O ð7Þ

Zn OHð Þ4
2�
����!Ultrasonic

Zn OHð Þ2# þ2OH� ð8Þ

Zn OHð Þ2 ����!Ultrasonic
ZnO # þ H2O ð9Þ

The ultrasonic frequency can influence the acoustic

cavitation effect and then affect the formation of ZnO.

Scheme 1 shows the energy released during the bubble

collapse process under ultrasonic irradiation with

different frequencies. When low-ultrasonic frequency

is used as shown in Scheme 1a, not many bubbles can

be formed and they distribute evenly in the liquid.

Under the continuous irradiation of ultrasonic, these

bubbles grow and the gas in them will undergo the

adiabatic compression, leading to the implosive col-

lapse. Due to the low quantity and the even distribu-

tion of bubbles in the solution, each bubble can be

fully surrounded by liquid. In this condition, the

energy released from the implosive collapses process

Fig. 4 a TEM image of

ZA5-100 with low

magnification; b TEM

image of ZA5-100 with high

magnification; c EDS

analysis results

corresponding to the circle

area indicated in (b)
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is very high, because the squeezing from the sur-

rounding liquid is very powerful during the adiabatic

compression. The hotspots formed here should have

very high temperature, which is favorable to the

transformation of hydroxide to oxide and the growth

of ZnO crystal. However, when high-ultrasonic

frequency is used, as shown in Scheme 1b, lots of

bubbles can be formed during the ultrasonic irradia-

tion process, and some of them may contact with each

other. In this condition, the energy released from the

implosive collapse of bubbles should be much less

because each bubble is not only surrounded by liquid

but also by other bubbles (surrounding bubbles). On

one hand, these surrounding bubbles buffer the

adiabatic compression process because squeezing is

greatly alleviated compared to that when the bubble is

only surrounded by liquid; on the other hand, these

surrounding bubbles can absorb the energy released
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Table 1 The weight loss percentage of all the catalysts

Z-x and ZA5-x during TG

Catalyst Weight loss

percentage (%)

Z-45 10.5

Z-80 17.0

Z-100 18.0

ZA5-45 6.0

ZA5-80 6.0

ZA5-100 11.0
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from the implosive collapse. Therefore, the tempera-

ture of the formed hotspots here is relatively lower,

which is apparently unfavorable to the transformation

of hydroxide to oxide and the growth of ZnO crystal.

In fact, the influence of ultrasonic frequency on the

acoustic cavitation effect can also be reflected by the

change of temperature during the experiments. As

seen from Scheme 1, the temperature of the reaction

system corresponding to the ultrasonic frequency of

45, 80, and 100 kHz, increases from 22 to 75, 22 to 35,

and 22 to 28 �C, respectively. Therefore, it is

confirmed that low-ultrasonic frequency is much

better for the formation and growth of ZnO crystal.

After Ag? is doped, the following reactions

Eqs. 10–16 may also take place besides the Eqs. 1–

9. (Bang and Suslick 2010).

Agþ þ 2OH� ! Ag OHð Þ2
� ð10Þ

Agþ þ OH� ! AgOH # ð11Þ

Ag OHð Þ2
�
����!Ultrasonic

AgOH # þ OH� ð12Þ

2AgOH
����!Ultrasonic

Ag2O # þ H2O ð13Þ

2Agþ þ OH: þ H:
����!Ultrasonic

Ag2O # þ 2Hþ ð14Þ

Zn OHð Þ4
2� þ 2Ag OHð Þ2

�
����!Ultrasonic

Ag2O=ZnO

# þ2H2Oþ 4OH�

ð15Þ

Ag2O=ZnO
����!Ultrasonic

Ag=ZnOX 1� Xð ÞVo

#; 0\X\1 ð16Þ

The results of TG in Fig. 7 have indicated that the

weight loss of ZA5-x is much lower than that of Z-x,

which suggests the presence of larger amount of oxides

in the catalysts ZA5-x. This phenomenon can be well

explained by the reaction between these two kinds of

hydroxides as shown in Eq. 15. As a result, all the ZA5-

x catalysts show more uniform morphology of ZnO than

Z-x catalysts; the scattered irregular blocks and the

particles are no longer present in ZA5-x catalysts. Here, it

should be mentioned that the effect of Ag? on the

morphology of ZnO is more obvious when higher

ultrasonic frequency is used. For example, Z-100 is

mainly composed of irregular blocks, while ZA5-100

mainly consists of some regular flower-like structures.

Photocatalytic activity

Figure 8a shows the photocatalytic activity of ZAy-45

and Z-45 for Rhodamine B photodegradation. For

comparison, the blank test was also conducted under the

same reaction condition. It can be seen that the rate for

Rhodamine B degradation is very low in the absence of

catalysts under UV irradiation for 50 min. With the

addition of catalysts, the degradation is greatly accel-

erated, especially for the ZA5-45 which shows much

better photocatalytic activity than other catalysts.

Figure 8b shows the linear kinetic fitting plots of

ln(Ct/Co) = f(t) for Rhodamine B photodegradation

over ZAy-45 and Z-45, where Co and Ct are the initial

concentration of Rhodamine B after the equilibrium

adsorption and the reaction concentration of

Scheme 1 Energy released

from bubble collapse during

ultrasonic irradiation: a low

frequency (LF, 45 kHz);

b high frequency (HF, 80,

and 100 kHz)
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Rhodamine B at time t, respectively. The linear fitting

results are listed in Table 2. It is found that the squares

of linear correlation coefficients (R2) are all larger than

99 %, so the photodegradation of Rhodamine B can be

considered as a pseudo-first-order reaction in kinetics,

and the slope of the linear ln(Ct/Co) = f(t) can be

considered as the rate constant k. For comparison, the

rate constants for the blank reaction and all the ZAy-45

and Z-45 catalysts are also listed in Table 2. From the

rate constant k in Table 2, it can be deduced that the

order for the photodegradation rates (r) over the ZAy-

45 and Z-45 catalysts is r(ZA5-45) [ r(ZA7-

45) [ r(ZA9-45) [ r(ZA1-45) [ r(ZA3-45) [ r(Z-

45).

With the same method, the photocatalytic activity

and kinetics of Rhodamine B photodegradation over

the catalysts prepared using the ultrasonic frequency

of 80 kHZ (ZAy-80, Z-80) and 100 kHz (ZAy-100,

Z-100) are also studied as shown in Figs. 9 and 10,

respectively. The linear kinetic fitting results are also

listed in Table 2. The order for the photodegradation

rates over ZAy-80 and Z-80 catalysts is r(ZA5-

80) [ r(ZA7-80) [ r(ZA9-80) [ r(ZA1-80) [
r(ZA3-80) [ r(Z-80), and that over ZAy-100 and

Z-100 catalysts is r(ZA5-100) [ r(ZA9-100) [
r(ZA7-100) [ r(ZA1-100) [ r(ZA3-100) [ r(Z-100).

Apparently, the activity of all the ZAy-x catalysts for

Rhodamine B photodegradation largely depends on

the dosage of Ag; for the three series of the catalysts

ZAy-45, ZAy-80, and ZAy-100, the catalysts doped

with 5 % Ag always show the highest photodegrada-

tion rates. Among the three catalysts with 5 % Ag but

using different ultrasonic frequencies in preparation,

ZA5-100 exhibits relatively higher photodegradation

rate, followed by ZA5-45 and ZA5-80. This differ-

ence is probably resulted from the different availabil-

ities of UV light for the samples prepared using

different ultrasonic frequencies. Figure 5b has shown

that ZA5-100 possesses the highest UV–vis absor-

bance followed by ZA5-45 and ZA5-80, which is

totally consistent with the order of photodegradation

rates.

The enhancement effect of Ag on the photocatalytic

activity of ZnO is related to the change of Fermi energy

levels of Ag and ZnO. It is well known that the Fermi

energy level of Ag is higher than that of ZnO. When Ag

and ZnO contact, new Fermi energy level (Ef) is formed

between the Fermi energy levels of Ag and ZnO so as to

achieve a stable state. Therefore, the Ef is still lower than

the conduction band of ZnO (Lai et al. 2010). Scheme 2

shows the photocatalytic mechanism on the Ag/ZnO

catalyst. After irradiated by the light with energy equal to

or higher than the band gap, the electrons in the valence

band of ZnO can be excited into the conduction band,

leading to the separation of electrons and holes. These

excited electrons can be further captured by O2 to form

superoxide radical anion �O2
-, while the holes can be

captured by OH- to form hydroxide free radical �OH,

which are active species for organic dyes photodegrada-

tion. To verify this viewpoint, the benzoquinone (BQ)

and isopropyl alcohol (IPA) are often adopted as the traps

for �O2- and �OH in photodegradation reaction, respec-

tively (Stylidi et al. 2004; Zhang et al. 2010). As shown in

Fig. 11, in this work, the degradation of RhB is also

seriously inhibited after addition of BQ or AO in reaction

system, which implies that the �O2- and �OH species

should have played major role in the photocatalytic
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degradation of RhB. Because of the lower energy level of

Ef, the excited electrons in the conduction band of ZnO

can flow into Ag which can serve as a sink for excited

electrons, thus facilitating the electron–hole segregation.

In this condition, the excited electrons not only in the

conduction band of ZnO but also in Ag islands can be

further captured by O2 to form superoxide radical anion
�O2

-; as a result, the photocatalytic activity of the

Table 2 Reaction rate constant (k) and the square of correlation coefficient of kinetic linear fitting for Rhodamine B photodegra-

dation over the catalysts ZAy-x

X ZAy-45 ZAy-80 ZAy-100

k (min-1) R2 k (min-1) R2 k (min-1) R2

Blank 0.0029 0.9990 0.0029 0.9990 0.0029 0.9990

0 0.0070 0.9942 0.0096 0.9901 0.0073 0.9967

1 0.0249 0.9936 0.0236 0.9999 0.0259 0.9996

3 0.0211 0.9986 0.0196 0.9998 0.0238 0.9999

5 0.0443 0.9982 0.0292 0.9995 0.0452 0.9987

7 0.0322 0.9968 0.0286 0.9988 0.0275 0.9994

9 0.0278 0.9979 0.0266 0.9990 0.0310 0.9987
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catalysts is greatly enhanced (Zheng et al. 2007b; Lai

et al. 2010). However, too much Ag may cover the

surface of ZnO and block the adsorption of dye,

decreasing the availability of UV light and the efficiency

of mass transfer.

Conclusion

Flower-like ZnO nano-materials can be successfully

prepared by a facile one-step independent ultrasonic

irradiation method at ambient condition, and Ag can

be readily doped on the surface of ZnO through one-

pot reaction. Both the ultrasonic frequency and the

doping amount of Ag have great influence on the

morphology of ZnO. Low-ultrasonic frequency is

much better for the growth of crystal ZnO due to the

higher energy released during the acoustic cavitation

process. The doping of Ag? can promote the

transformation of hydroxide to oxide via the reaction

between Zn(OH)4
2-and Ag(OH)2

-, thus increasing the

yield of ZnO, which is favorable to the formation of

flower-like structured ZnO.

The photocatalytic activity of ZnO is remarkably

enhanced when Ag is doped. The dispersed Ag can

serve as the excited electron sinks, greatly promoting

the electron–hole segregation; the optimal doping

amount of Ag is 5 %; too much Ag is unfavorable to

the photocatalytic activity due to the low availability

of UV light and the decreased mass transfer efficiency.

The ultrasonic frequency used in catalyst preparation

also influences the photocatalytic activity. Among the

catalysts with optimized amount of Ag (5 %), ZA5-

100 possesses the highest photocatalytic activity for

the degradation of Rhodamine B, which is attributed to

its best UV–vis availability.

Experimental section

Catalyst preparation

All the reagents used in this work are in analytical

grade without further purification (supplied by Tianjin

Guangfu Fine Chemicals Research Institute). All the

ZnO catalysts were synthesized by a facile one-step

independent ultrasonic irradiation method with fre-

quency modulated. The detailed synthesis procedure is

as follows: zinc acetate dihydrate (0.2 g) and citric

acid (1.1 g) were first dissolved in distilled water

(60 mL) forming a mixed solution, and then another

aqueous solution of sodium hydroxide (1 mol L-1,

20 mL) was dropped into this solution under vigorous

stirring. The beaker containing above solution was put

into an ultrasonic bath (200 W, KQ-200VDE, Kun-

shan Ultrasonic Instruments Co. Ltd., P. R. China).

After ultrasonic irradiation for 1 h at room tempera-

ture, the resulting products were centrifuged and

washed with water/ethanol in turns for two times to get

the solid precursor which was dried at room temper-

ature and used for further characterization. The as-

synthesized ZnO catalysts are denoted as Z-x (x = 45,

80, and 100, respectively, indicating the ultrasonic

frequency used in preparation). Another series of Ag/

ZnO catalysts were also prepared by the facile one-pot

synthesis method, and the preparation procedure is the

same as that for Z-x; the sole difference is the addition

of certain amounts of silver nitrate into the mixed

Scheme 2 The photocatalytic mechanism for the Ag/ZnO

catalyst
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solution of zinc acetate dihydrate and citric acid at the

first step. This series of catalysts are denoted as ZAy-

x (x represents the ultrasonic frequency; y = 1, 3, 5, 7,

and 9 corresponds to the Ag/Zn atomic ratio of 1, 3, 5,

7, and 9 %, respectively).

Catalyst characterization

The X-ray powder diffraction (XRD) was performed on

an D/max 2500v/pc (Rigaku) diffraction instrument

operating at 200 mA and 40 kV, using Cu Ka as

radiation source (k = 0.15418 nm). The data of 2h from

20� to 100� were collected with the stepsize of 0.02�.

The surface morphology of the catalysts was

determined by using a Hitachi S4800 field-emission

scanning electron microscope (SEM). The images of

transmission electron microscope (TEM) and high

resolution transmission electron microscope (HR-

TEM) for the catalysts were obtained using a JEM-

2100F system equipped with energy-dispersive X-ray

spectrometer (EDS) operating at 200 kV. Before

observation, the sample was ultrasonically suspended

and deposited on a copper grid.

UV–vis diffuse reflectance spectra (UV–vis DRS)

of the catalysts were recorded on a Lambda 750S UV–

vis–NIR spectrometer (Perkin-Elmer) equipped with

an integrating sphere. The DRS spectra were collected

in 200–800 nm against barium sulfate standard.

Fourier transform infrared spectra (FT-IR) were

obtained on a Nicolet Nexus spectrometer using KBr

as reference. Each time, 1 mg of the powder sample was

first mixed with 100 mg KBr, and then the mixture was

ground and compressed into tablet for measurement.

Thermogravimetric analysis (TG) was conducted on a

Pyris Diamond TG/DTA analyzer (Perkin-Elmer). The

samples were heated from room temperature to 800 �C

at a rate of 10 �C min-1 in flow air (100 mL min-1).

Evaluation of photocatalytic performance

The photodegradation of Rhodamine B was used as a

model reaction to evaluate the photocatalytic activity of

the catalysts. Each time, the catalyst (20 mg) was first

suspended in aqueous solution of Rhodamine B

(1.0 9 10-5 mol L-1, 100 mL), then transferred to a

beaker, and agitated overnight in dark to achieve

equilibrium adsorption. A 250 W high-pressure mer-

cury lamp with a quartz condenser tube around was

positioned in the middle of the beaker as UV irradiation

source. Each degradation experiment was continuously

conducted for 50 min, and the mixture (3.5 mL) was

withdrawn for analysis every 10 min. After separation

of the catalyst from the suspension by centrifugation,

the after-reacted solution was analyzed by a UV–vis

spectrometer (Lambda 750S, Perkin-Elmer) using

deionized water as reference (measuring the absorption

of Rhodamine B at 554 nm). The degradation effi-

ciency is calculated using the following equation:

Degradation %ð Þ ¼ Co � Cð Þ � 100 %=Co

¼ Ao � Að Þ � 100 %=Ao

where Co and C correspond to the initial and changed

concentrations of Rhodamine B during reaction,

respectively; and Ao and A represent the initial and

changed absorbance of Rhodamine B at 554 nm,

respectively (Lai et al. 2010).

The experiment to verify the �O2
- and �OH as active

species is the same as the above process except that

BQ (4.3 mM) or IPA (1.0 M) was added into the

reaction system, respectively.
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