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ABSTRACT

In this study, the porous flowerlike ZnO and Cr** doped ZnO (Cr** = 1 mol%, 2 mol% and 3 mol%)
microparticles were successfully synthesized via a simple microwave irradiation process, their struc-
tural and photocatalytic properties were systematically investigated. The morphology, physicochemi-
cal properties, element state and crystal phase of prepared catalysts were characterized by SEM, XRD,
XPS, N, adsorption-desorption and AAS, respectively. Besides, the photocatalytic decomposition of
Methylene Orange (MO) under solar irradiation also was employed to measure the photocatalytic
properties of the pure ZnO and Cr** doped ZnO catalysts. The effects of degradation time, Cr** doped
contents, amount of catalyst, initial dye concentration and pH on photocatalytic activities were ana-
lyzed. The results proved that the approach assisted by microwave irradiation was efficient for prepa-
ration of microparticles with good morphology, the photocatalytic properties of the obtained ZnO
have been greatly improved through doping with Cr**. And the photocatalytic degradation ratio can
reach to 99%, when the doping content of Cr** is 2 mol%, pH = 5, after reacting for 150 min. At last, the

mechanism of photocatalytic degradation of MO was studied by trapping experiments.
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1. Introduction

Zinc oxide, which is a significant II-IV semiconductor
[1] with a wide band gap (3.37 eV) and large exciton bind-
ing energy (60 meV), has received great attentions because
of its promising applications in optoelectronics, field emit-
ters, sensors, transistors and photocatalysts [2-5]. Due to
these applications, a variety of nano-structural ZnO had
been fabricated, such as nanorods, nanowires, nanotubes
and nanospheres [6-10].

TiO, has been widely used for photocatalyst for many
years. Compared with TiO,, ZnO has more advantages, such
as lower cost, higher photocatalytic efficiencies and larger
quantum efficiency [11,12]. Therefore, ZnO can be a suitable
alternative photocatalyst to TiO, as they have similar band
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gap energy. The band gap energy of ZnO is 3.37 eV, makes
ZnO only absorb UV light that is less than 10% in the solar
irradiation [13-15]. In order to absorb more visible light to
improve the photocatalytic efficiency, the band gap of ZnO
has to be narrowed or split into several sub-gaps, which can
be achieved by implanting or doping transition metal ions.
To date, there are many studies about the properties and
applications of ZnO doped with different elements, such as
Co*, Mn* and Cr®* [16-18].

Many methods have been developed for the fabrication
of ZnO nanoparticles including the thermal evaporation,
chemical vapor deposition, sol-gel method, hydrothermal
method and electrochemical deposition [19-25] in the past
decades. However, several studies have reported the syn-
thesis of porous ZnO using microwave irradiation. The
process assisted by microwave irradiation exhibits varieties
of merits including uniform and volumetric heating, fast
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kinetics and energy saving [26,27]. Therefore, synthesis of
nano Zn0O, as well as other metal oxide, assisted by micro-
wave can be desirably employed in the future.

In this paper, we report an efficient and convenient
approach to produce well-aligned porous flowerlike ZnO
and Cr* doped ZnO microparticles under microwave irra-
diation. We try to dope Cr* in ZnO to narrow the band gap
or split into sub-gaps in ZnO to improve its photocatalytic
activities. Moreover, the photocatalytic ability and photode-
composition mechanism of Cr* doped ZnO were carefully
studied by decomposition of MO under solar light.

2. Experiment
2.1. Synthesis of ZnO and Cr**doped ZnO

The preparation method assisted by microwave irradi-
ation was successfully applied to synthesize ZnO and Cr**
doped ZnO (Cr* = 1 mol%, 2 mol% and 3 mol%) powders.
In the typical procedure, zinc acetate dehydrate (0.01 mol)
and different molar ratios of chromium acetate hexahydrate
(n.,m, =0 mol%, 1 mol%, 2 mol% and 3 mol%) were dis-
solved in 30mL distilled water with continuously stirring to
dissolve entirely. Then sodium hydrate solution (2 mol/L)
as the precipitation agent was added slowly into the above
clear solution under stirring until the pH of the solution
reach to 9, precursor had been prepared. Afterwards, the
as-obtained precursor was placed into a domestic micro-
wave oven (800 W, 2450 MHz, Galanz). The power of the
microwave oven was 320 W and the irradiation time was 30
min. After boiling, evaporating and concentrating during
the irradiation process, the ZnO and Cr** doped ZnO micro-
particles were obtained (0% Cr-ZnO, 1% Cr-ZnO, 2% Cr-
Zn0O, 3% Cr-ZnO represent the doping contents of Cr** was
0 mol%, 1 mol%, 2 mol%, 3 mol%, respectively).

2.2. Characterization

The structure and crystal phase were characterized
by X-ray diffraction (XRD, Shimadzu XRD-6000 with Cu
Ko radiation, 40 kV, 30mA).The morphologies and the
size of the samples were measured via scanning electron
microscopy (SEM, JEOL JSM-6490LV). The Brunauer-Em-
mett-Teller (BET) specific surface area (S,;,;) and BJH pore
distribution of the powders were measured using a nitro-
gen adsorption/desorption apparatus (ASAP 2020).The
elements state was measured by X-ray photoelectron spec-
troscopy (XSAMS800). The actual concentration of Cr* was
measured by atomic absorption spectrophotometer (WFX-
110). The degradation efficiency was detected by UV-vis
spectrophotometer (UV2600).

2.3. Photocatalytic activity test

The photocatalytic activity of ZnO and Cr** doped ZnO
catalysts were measured by decomposition of MO, whose
degradation can be easily monitored by optical absorp-
tion spectroscopy. The photocatalytic activity tests were all
conducted in a 25 ml colorimetric tube, in which a certain
amount of catalyst and certain concentration of 25 ml MO
(4-16 mg/L) were added. The tube was put on a magnetic

stirrer, before exposure to light source, and the suspensions
were stirred for 30 min in the dark to attain the adsorp-
tion-desorption aquilibruim. Then suspensions were stirred
for 150 min in solar illumination. The reaction was carried
out at room temperature and pH = 3-8, while pH was
changed by adding either NaOH or HCI solution. The com-
paring experiment, the MO solution is illuminated under
the solar irradiation without photocatalyst. The photocat-
alytic degradation was measured by the absorbance of the
solution samples with a UV-vis spectrophotometer at __
= 463 nm. The photocatalytic decomposition of MO was
calculated by the equation: degradation ratio (%) =[C_-C]/
C_x100%. C_and C are the initial and final concentration of
MO, respectively.

2.4. Evaluation of photocatalytic activity and trapping experi-
ments for reactive species

The durability and stability test was also conducted
by following similar approach as discussed earlier (MO 8
mg/L). Three consecutive cycles, in which the duration of
each cycle was 150 min, were performed on as-prepared 2%
Cr-ZnO (0.2 g) photocatalysts. After the each end of cycle,
the product was filtrated and washed with deionized water.
It was then added to the new MO solution after drying. The
photocatalytic result was performed at least two experi-
mental runs, using the average value to determine the dura-
bility and stability of 2% Cr-ZnO.

The influence of various reactive species such as holes
(h*), electrons (e7), hydroxyl (-OH), and superoxide (-O;)
radicals on the MO degradation was examined to under-
stand the photocatalytic mechanism in the 2% Cr-ZnO sys-
tem. Various scavenging reagents such as triethanolamine
(TEOA, h* scavenger), silver nitrate (AgNOar e scavenger),
isopropanol (IPA, -OH scavenger), and benzoquinone (BQ,
-0, scavenger) were used in this study. The concentrations
of each scavenging reagent in the reaction system were all
24 mmol (MO 8 mg/L). The analysis procedure was exactly
identical to the photodegradation process.

3. Results and discussions
3.1. XRD analysis

The typical XRD patterns of ZnO and Cr** doped ZnO
microparticles are shown in Fig. 1. The labeled peaks are
consistent with those of hexagonal wurtzite structure
(JCPDS data: 36-451), indicates that the samples are highly
crystalline and the doped Cr* has little effects on the poly-
crystalline structure. In addition, it is observed no charac-
teristic peaks belonging to chromium oxide in all patterns,
which demonstrates that Cr** was incorporated into the lat-
tice well [28].

3.2. N, adsorption-desorption analysis

The N, adsorption-desorption isotherm and pore size
distribution curves of ZnO and Cr** doped ZnO powders
has been showed in Fig. 2a,b, the physicochemical prop-
erties of all the as prepared photocatalysts are depicted in
Table 1. The Fig. 1 clearly reveals that all these samples
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Fig. 1. XRD patterns of ZnO and Cr** doped ZnO microparticles.
(@) 0% Cr-ZnO (b) 1% Cr-ZnO (c) 2% Cr-ZnO (d) 3%Cr-ZnO.

Table 1
Specific surface, pore volume and pore size
Samples Surface area Pore volume  Pore size (BET
(BET m?/g) (BJH adsorption nm)
adsorption
cm®/g)
0% Cr-ZnO 18.4652 0.035095 7.60224
1% Cr-ZnO  22.3544 0.040946 7.32665
2% Cr-ZnO 36.1935 0.069233 7.65146
3% Cr-ZnO 65.2631 0.139975 8.57913

exhibit type [ and type [l isotherm, and its hysteresis loop
indicates type H3 (according to IUPAC nomenclature)
suggesting that there are microporous, mesoporous and
macroporous in the materials. The pore size distribution
curves (Fig. 2b) show that with the increase of Cr*, the
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pore size is transferred from the main microporous to the
mesoporous. Table 1 indicates that the surface area, pore
volume and pore size of photocatalyst all increase with the
increasing of Cr*.

3.3. SEM analysis

Fig. 3 represents the SEM images of ZnO and Cr** doped
ZnO. It can be observed that the structure of pure ZnO prod-
uct is flowerlike in Fig. 3a. Fig. 3b—d show the SEM images
of 1% Cr-ZnO, 2% Cr-ZnO and 3% Cr-ZnO respectively.
As shown in these three images, the flakes of flower which
are accumulated by ZnO nanoparticles, are destroyed after
doping Cr* and the disorder network structure is formed.
It is precisely because of this disordered network struc-
ture, the bulkiness and porosity of catalyst are improved. A
closer inspection of the spherical structures (Fig. 3e,f) shows
that the flakes and network structure are accumulated by
the ZnO nanoparticles with size of 30 to 100 nm, with the
porous structure formed in the process, which explain the
fact that microwave promotes the concentration of the pore
distribution between the particles is attributed to the gen-
eration of particle with uniform size. The formed of disor-
dered network structure leads to increase the gap between
particles after Cr** doped, and subsequently improves the
pore size of catalyst. The results of N, adsorption-desorp-
tion analysis are also consistent with SEM.

3.4. XPS analysis

X-ray photoelectron spectroscopy (XPS) was used to
ascertain the presence of Cr and its oxidatior state in ZnO.
The XPS survey spectrum in Fig. 4a indicates that the pres-
ence of Zn, O, C and Cr. The introduction of C is possible
due to the decomposition of organic compounds. Fig. 4b
shows high-resolution of the Cr 2p region. The core level
binding energy observed for the Cr 2p, , primary peak at
577.6 eV indicates that Cr in its trivalent state [29]. The dis-
tinct two states of Cr (2p, ,) and Cr (2p, ,) observed at 577.6
eV and 586.7 eV can further proved it is Cr** and substitutes
Zn positions in the lattice.
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Fig. 2. N, adsorption-desorption study of ZnO and Cr** doped ZnO, (a) isotherm curves and (b) pore size distribution curves of ZnO

with different Cr** doping contents.
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Fig. 3. SEM images of ZnO with different Cr** doping content:
(a) 0% Cr-ZnO (b) 1% Cr-ZnO (c) 2% Cr-ZnO (d) 3% Cr-ZnO, and
(e), (f) the local amplification of (a), (b).

3.5. AAS analysis

The actual content of Cr** doped in ZnO was shown in
Table 2. It is seen that the actual content of Cr** was growing
with the increased doping amount. There were not impuri-
ties for Cr** indicated in XRD figure, which stated that the
Cr* was doped in ZnO well.

(@)

Zn2p,,1022.3eV
Zn2p,,1044.7eV|

O1s 530.93eV
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C1s 281.50eV

T T T T T T T T T T
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Table 2
Doped content of Cr** in ZnO

Catalyst 1% Cr-ZnO 2% Cr-ZnO 3% Cr-ZnO
Theoretical content 1.00 2.00 3.00

(mol %)

Actual content 093 1.89 2.88

(mol %)

3.6. Photocatalytic degradation of MO

3.6.1. Effect of doping concentrations on photocatalytic deg-
radation efficiency

The effect of doping contents on the photocatalytic
degradation efficiency is investigated with doping concen-
trations ranging from 0 mol% to 3 mol% and 4 mg/L MO
concentration for 150 min. In the dark reaction process, the
amount of MO reduction is very small, almost negligible.
The curve of MO degradation ratio for photocatalysts of 0%
Cr-ZnO, 1% Cr-ZnO, 2% Cr-ZnO and 3% Cr-ZnO micro-
particles (0.2 g) is shown in Fig. 5a, according to the curve,
we can see that photocatalyst 2% Cr-ZnO exhibits higher
photocatalytic efficiency than 1% Cr-ZnO and 3% Cr-ZnO.
Fig. 5b shows the degradation efficiency of photocatalysts
0% Cr-ZnO and 1% Cr-ZnO in different time periods. It is
seen obviously that the Cr* (1 mol%) doped ZnO photocat-
alyst presents much higher photocatalytic activity than the
pure ZnO particles under solar irradiation, which may be
attributed to the point defects of oxygen and zinc vacan-
cies increased by heat treatment process via microwave and
Cr* doping [30]. The photocatalytic activity enhancement
by doping Cr* in ZnO can be explained to that the Cr-ZnO
would produce electron-holes pairs under the solar light
illumination. Cr* can act as photo-generates holes trappers
to improve the transmission efficiency of photo induced
carriers, which hinder the e—h* recombination in lattice
and enhance the photocatalytic activity [31]. But, with the
increase content of Cr** (exceed 2 mol%), the dispersion of
Cr in ZnO matrix was reduced, and the formation of Cr,O,

(b) Cr2p
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Fig. 4. XPS spectra of 2% Cr-ZnO: (a) XPS survey spectrum and (b) Cr 2p spectrum.
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Fig. 5. Effect of (a) doping content of Cr** and (b) degradation

time on the photocatalytic efficiency.

clusters was equivalent to aggregation center of e~ and h*,
which accelerated the recombination of e, h* and reduced
the catalytic activity.

3.6.2. Effect of amount of catalyst on the photocatalytic
efficiency

The amount of photocatalyst (2% Cr-ZnO) affects the
overall degradation efficiency, when the MO concentra-
tion is 4 mg/L, in the photocatalytic system. As shown in
Fig. 6, the photocatalytic efficiency rises with an increase
of amount of catalyst until 2% Cr-ZnO increases above a
saturation level. When the amount of catalyst exceeds 0.20
g, the degradation ratio of MO reduced, it is resulted from
the decreasing coefficient of light photo absorption in this
photocatalytic reactor (25 ml colorimetric tube) with certain
diameter. And the excess 2% Cr-ZnO can form a light screen
that reduces the surface area of ZnO being exposed to solar
light illumination and reduces the photocatalytic efficiency.
Therefore, in order to avoid excess catalyst and to ensure
efficient photons absorption, the amount of catalyst can be
appropriate to the photoreactor.
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Fig. 6. Effect of amount of catalyst on the photocatalytic efficiency.

3.6.3. Effect of pH on photocatalytic efficiency

pH is one of the most important factors that affect the
charge on the surface of photocatalyst particles and pho-
tocatalytic activities, which can be explained by zero-point
charge depending on the catalyst used. As illustrated in Fig.
7, the degradation efficiency of MO (4 mg/L) in acid solu-
tion is higher than that in alkaline solution, with 2% Cr-ZnO
0.2 g. The maximum MO photocatalytic degradation 98.8%
is achieved at pH of solution to be 5. The Zeta potential anal-
ysis shows (in Supplement Information) that the charged
properties of 2% Cr-ZnO and MO are opposite, 2% Cr-ZnO
has higher adsorption capacity, when pH = 3.62-7.00.

3.6.4. Effect of the concentration of MO on the photocatalytic
efficiency

The effect of initial concentrations of MO on the photo-
catalytic degradation using 2% Cr-ZnO powder is investi-
gated in the range of 4-16 mg/L. We studied their effects
on photocatalytic degradation at 0.20 g and pH = 5 for 150
min. It also can be seen from Fig. 8 that the excessive con-
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Fig. 7. Influence of pH on the photocatalytic efficiency.
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Fig. 8. Effect of initial concentrations of MO on the photocata-
lytic efficiency.

centration of MO will saturate the ZnO surface and reduce
the photonic efficiency resulting photocatalyst deactivation.
So, under similar reaction conditions, the best concentration
of MO is 8 mg/L.

3.7. Stability and photocatalytic degradation mechanism analysis

The stability of a photocatalyst is also very important
for point of view of its practical application. Hence, the
stability of the 2% Cr-ZnO composite was further investi-
gated by recycling the photocatalyst for degradation of MO.
As shown in Fig. 9a, after three cycles (results are 90.2%,
89.7%, and 86.2% respectively), there is only a slight loss of
activity. Therefore, the 2% Cr-ZnO composite can be used
as high-performance and stable visible-light photocatalysts.

Detection of reactive species. The radicals, e and holes
trapping experiments are designed to elucidate the photo-
catalytic oxidation process. Fig. 9b displays the effects of
different scavengers on the degradation rate of MO degra-

100

86.2 (a)

80 -
60
40 4

20

Percentage of MO degredation(%)

Recycle times

dation over the 2% Cr-ZnO composite. As depicted in Fig.
9b, the photoactivity was markedly suppressed as a result
of the quenching effect. When BQ and AgNO, scavenger
were added, the photocatalytic activity of 2% Cr-ZnO was
reduced to 15.6% and 26.7% respectively, compared with no
scavenger. The addition of IPA and TEOA scavengers also
decreased photocatalytic activity smaller than the addition
of BQ and AgNO,. Therefore, it is evident that e-, -OH, holes
and -O; radicals all play important roles on the photodegra-
dation of MO [32]. The photocatalytic degradation process
is as follow:

Cr-ZnO—~ e +h* 1)
e +0, >0, )
‘O, +2H" +2¢” > -OH+OH" 3)
h*+H,0 ->H"+-OH 4)
h*+OH —-OH )
MO +h*(-O, ,-OH — mineralized products (6)

4. Conclusion

We have developed an efficient method for prepara-
tion of ZnO powders with different Cr** doping contents
through microwave irradiation. Characterization results
show that the prepared photocatalysts are porosity, and the
pore size increases with Cr**. The doping of Cr** has broken
the flakes of flowerlike ZnO, but almost no influence on the
crystalline phase of ZnO, which have the hexagonal wurtz-
ite structure. The degradation results indicate that the dop-
ing Cr* can greatly improve the photocatalytic activities of
ZnO under solar irradiation and the maximum photocata-

e B
SN

No scavengers  AgNO3 IPA TEOA BQ

Fig. 9. (a) Recycling efficiency of 2% Cr-ZnO in the photocatalytic degradation of MO. (b) Effect of different scavengers on the MO
photodegradation in the presence of 2% Cr-ZnO under solar light for 150 min.
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lytic degradation (99%) of MO is achieved at pH = 5 with
MO concentration 8 mg/L, solar irradiation for 150 min,
when the doping concentration of Cr** is 2 mol%. It is sug-
gested that Cr**in ZnO may be a promising breakthrough
in the application of ZnO as photocatalysts. Moreover, we
have proved that the oxidation state of chromium in 2%
Cr-ZnO is Cr**, with low content and have no pollution to
the environment.
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Table S1
Doped content of Cr** in ZnO (after three cycles)

T
200 250

Catalyst 2% Cr-ZnO

Theoretical content (mol%) 2.0

Actual content (mol%) 1.82




