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Graphical Abstract

spray drying : calunanon
_—
500 or 700 C
zincoxen solution Zn(EDA)y*'/cellulose Zn0O nanocrystal
of cellulose complex microspheres assembly

Zincoxen cellulose solution was used as raw materials for the preparation of
zincoxen/cellulose complex microspheres via a spray drying process. The obtained
zincoxen/cellulose microspheres were turned into assemblies of ZnO nanocrystals
upon calcinations at 500 or 700 B. The assemblies of ZnO nanocrystals exhibit high
photocatalytic activity for methyl orange degradation under ultraviolet light
irradiation in agueous solution and also satisfied reusability and stability of
morphology and composition.
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Highlight

Spray drying technique was utilized for the preparation of ZnO nanocrystal
assemblies using zincoxen cellulose solution as raw materials.

Zincoxen plays both the role as solvent for cellulose and precursor for the ZnO
nanocrystals.

Cellulose acts as assembly agent during the spray drying step and sacrificial templates
in the calcinations process

The content of cellulose and the calcination temperature influence the properties of
the resulted ZnO nanocrystal assemblies

The assemblies of ZnO nanocrystals exhibit high photocatalytic activity for methyl
orange degradation in agueous sol ution.
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Abstract: The conventional zincoxen cellulose solution, which was obtained by
dissolving cellulose with the zincoxen solvent (tri(ethylenediamine) zinc hydroxide
solution, Zn(EDA)s**), has been used as raw materials for the preparation of
zincoxen/cellulose complex microspheres via a spray drying technique. The obtained
zincoxen/cellulose microspheres are turned into assemblies (or clusters) of ZnO
nanocrystals by calcining the complex microspheres at 500 or 700 °C. For the preparation,
zincoxen plays both the role as solvent for cellulose and precursor for the ZnO
nanocrystals. While, the cellulose acts as assembly agent during the spray drying step and
sacrificial templates in the calcinations process. The content of cellulose in the zincoxen
cellulose aqueous solution and the calcination temperature show significant impacts on
the morphology, porosity, optical properties and photocatalytic activity of the resulted
ZnO nanocrystal assemblies. The structures, morphology and porosity have been
investigated based on XRD, SEM, TEM and N, adsorption-desorption technique. The
lattice parameters have been fitted by the Rietveld refinement and the strains in the
crystals have been studied. Under ultraviolet light irradiation, all the assemblies of ZnO
nanocrystals exhibit high photocatalytic activity for methyl orange degradation in
aqueous solution and also satisfied reusability and stability of morphology and

composition.

Keywords: Spray drying; ZnO nanocrystal assembly; Zincoxen cellulose solution;

Sacrificial Template; Photoluminescence; Photocatalyst.
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1. Introduction

Zinc oxide (ZnO) is a wide band gap semiconductor (Eg=3.37 eV) with a large
exciton binding energy of 60 meV, making ZnO a good candidate for photocatalytic
applications [1,2]. ZnO nanostructure can be synthesized in various morphologies such as
nanotubes [3], nanorods [4], nanobelts [5], nanowalls [6], nanowires [7], nanoflakes [8]
and nanoflowers [9]. It has been reported that the photocatalytic activity of ZnO
nanostructures are heavily dependent on their crystal structures and the surface
morphologies [10,11]. Up to date, several techniques have been documented for the
synthesis of ZnO nanostructures with different morphologies such as chemical vapour
deposition (CVD) [12], vapor-liquid-solid (VLS) growth[13], sol-gel method [14] and
hydrothermal solution method [15]. However, most of the reported methods require
severe conditions or catalysts for ZnO growth, and it is also difficult to obtain ZnO
nanocrystals in large scale. As a mass-producible technique and industrial preparation
method, spray drying is rare referred to in the preparation of ZnO nanocrystals, especially
an assembly of them [16].

Cellulose has attracted intense attention due to its biocompatibility, biodegradability
and renewability, and it has been exploited as a promising raw material in chemical,
biological, and energy industries [17]. However, natural cellulose possesses strong inter-
and intra-molecular hydrogen bonding caused by the hydroxyl groups. Therefore it
neither melts at high temperature nor dissolves in common aqueous solvents, limiting its
application with morphology requirement. Traditional solvent systems such as
cuprammonia, zincoxen and FeTNa (ferric tartaric acid complex) were utilized for the
dissolving of cellulose [18]. However, the application of the resultant cellulose solutions
focus mainly on structure or molecular weight studies on cellulose and/or used as solvent
for fabrication of fibre in textile industry.

In this paper, we report on a flexible approach to the assembly of ZnO nanocrystals
using zincoxen cellulose solution as precursors by the large-scale producible technique
namely spray drying and combining a successively calcinations process. Assemblies (or
clusters) consisting of ZnO nanocrystals with different sizes were derived after the

calcinations at 500 and 700°C, respectively. For the total preparation, the zincoxen species

played two different roles, i.e., as a solving agent in the preparation of zincoxen cellulose

agueous solution and as a precursor for the ZnO nanocrystals. The influences of
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calcination temperature and content of cellulose on the crystal structures, surface
morphology, specific surface area and photoluminescent properties of the resultant
assemblies have been investigated. The lattice parameters of the resulted ZnO
nanocrystals have been fitted by the Rietveld refinement and the strains in them have
been studied. The assemblies of ZnO nanocrystal exhibit great potential for
photocatalytic application, and the effect factors on the photocatalytic ability for the
degradation of methyl orange have been explored. The ZnO nanocrystal assemblies turn
out to be a structurally ideal photocatalyst that can provide more active sites and
favorable transport pathways of electrons and holes, posses also the advantages of

recyclability, and structural and compositional stability [19-22].

2. Experimental Section

Materials. Cellulose with a viscosity-average molecular weight of 8.5 x 10* was
obtained from Hailong Chemical Fiber Co., Ltd. Sodium hydroxide, zinc chloride,
anhydrous ethylenediamine and methyl orange (MO) were analytical grade and used as

received without further purification. Distilled water was used in all the experiments.
2.1. Preparation of Zincoxen Solution of Cellulose.

Ethylenediamine (EDA) was diluted to 30% and left in refrigerator as a standby.
NaOH aqueous solution was added into zinc chloride aqueous solution dropwise until the
Zn(11) was precipitated completely, forming fresh-prepared zinc hydroxide precipitation.
The white sediment was separated by centrifugation and washed five times with distilled
water. The fresh-prepared precipitate was then dissolved partly by the 30% aqueous
ethylenediamine under stirring, resulting in zincoxen aqueous solution [23]. The
zincoxen aqueous solution was purified with high speed centrifugation and was then used
as solvent for the dissolution of cellulose. Firstly, cellulose was dispersed in precooled
zincoxen aqueous solution to —10°C overnight and then thawed at room temperature,
obtaining a homogeneous zincoxen cellulose solution (Zn(EDA)s**/cellulose).

2.2. Preparation of the Assemblies of ZnO Particles.

Firstly, the Zn(EDA)s**/cellulose complex microspheres were prepared by a spray
drying process using the zincoxen aqueous solution of cellulose as starting materials
through a laboratory-scale SP-1500 spray dryer (Shanghai SunYi Tech Co., Ltd.). The
imported zincoxen cellulose aqueous solution was pulverized by the shear forces of the

pressurized air with a pressure in the range of 200—400 kPa, spraying out tiny droplets of
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zincoxen cellulose aqueous solution through the orifice of the nozzle on the spray dryer.
The moisture in these droplets are quickly evaporated upon direct contacting with the
130 °C hot air flow which passed through the chamber, resulting in drying-out and stable
Zn(EDA)s**/cellulose complex in powder form. The powders were collected by a
integrated cyclone separator. The Zn(EDA)s**/cellulose complex microspheres derived
from zincoxen cellulose aqueous solution with different cellulose content were labeled as
x%-ZI/C (x = 1.25, 2.5, 3.75, 5.0), where the numbers in the brackets refers to the grams
of cellulose dissolved in 100 g of zincoxen cellulose solution. Assemblies of ZnO
particles were then facilely prepared by calcining the Zn(EDA)s**/cellulose complex
microspheres in a programmed tubular furnace at 500 or 700 °C, respectively, in air
atmosphere for 3 h. The resulted samples were designated as x%-ZnO-500 and
x%-2Zn0O-700 (x =1.25, 2.5, 3.75, 5.0), respectively, where 500 and 700 represent the
calcination temperature, whereas the numbers in the brackets corresponding to the
contents of cellulose as mentioned above. An illustration of the formation process of the

ZnO particle assembly is depicted in Scheme 1.

@ ==

zincoxen solution Zn(EDA);*'/cellulose Zn0O nanocrystal
of cellulose complex microspheres assembly
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spray drying
_

Scheme 1. lllustration of the formation process of the ZnO nanocrystal assembly

2.3. Photocatalytic Degradation of Methyl Orange.

The photocatalytic activity of the ZnO nanocrystal assemblies was investigated by
monitoring the degradation of MO under the illumination of UV light using the ZnO
assembly as photocatalyst. A commercial UV lamp with output power of 125 W and
wavelength of 365 nm was utilized for the irradiation. For the degradation experiment,
0.1 g of catalyst was dispersed in 100 mL of MO aqueous solution with a concentration
of 10 mg/L. Then the suspension was magnetically stirred in dark for 1h to ensure the
establishment of an adsorption—desorption equilibrium. Subsequently, the suspension
was subjected to UV light irradiation. At given time intervals, 4 mL aliquots were
collected and then centrifuged to remove the photocatalyst particles. The concentration of
methyl orange was determined by checking the absorbance using an UV-vis

spectrophotometer. As control experiments, similar operations were also performed
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without the photocatalyst or in the absence of UV irradiation. To test the recyclability of
the catalyst, photodegradation of MO in five consecutive cycles was performed
employing a definite amount of ZnO catalyst. In the successive cycles, the catalyst was
washed with distilled water several times and used for the next cycling. After the fifth
cycle, the catalyst was collected by centrifugation and air drying. The stability of the
composition and structure of the ZnO assemblies after five cycles of the photocatalytic

reaction has been studied by monitoring their XRD patterns and SEM images.

2.4. Characterizations.

The crystal structures and the surface morphologies of the samples were analyzed
using a JEOL JSM-7800F scanning electron microscopy (SEM) instrument and a JEOL
JEM-2100 transmission electron microscopy (TEM) instrument. The specific surface
areas were estimated using the Brunauer—Emmett—Teller (BET) method with an
Autosorb-iQ-MP/XR surface area and pore analyzer (Quantachrome Instruments). The
phase purity of synthesized powders were studied by X-Ray Diffraction patterns (XRD)
using a Rigaku Ultima IV X-ray diffractometer equipped with graphite monochromatized
Cu Ko radiation (A = 0.15418 nm). UV-Vis spectra were measured through a TU-1901
UV-Visible spectrophotometer. The photoluminescence (PL) behaviors were investigated

by a fluorescence spectrometer (F-4600) with an excitation wavelength of 325 nm.

3. Results and Discussion

3.1. XRD Measurements

Fig. 1 shows the powder XRD patterns of the x%-Zn0O-500 series samples. They
show patterns with the same diffraction positions even though the peak intensity is
slightly different. Six characteristic peaks were observed at 20 values of 31.8°, 34.4°,
36.3°, 47.54°, 56.6° and 68.0°, which respectively correspond to the (100), (002), (101),

(102), (110), (103), and (112) crystalline planes of a hexagonal wurtzite ZnO phase (PDF

No.36-1451). Moreover, no redundant diffraction peak can be observed, which illustrates
that the obtained samples are of single phase. Similar XRD patterns were obtained for the
X%-Zn0-700 series samples (see Figure S1).
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Fig. 1. XRD patterns of the x%-Zn0-500 series samples

3.2. SEM and TEM Studies

Fig. 2 SEM images of (A) 1.25%-Z/C, (B) 2.5%-Z/C, (C) 3.75%-Z/C, (D) 5.0%-Z/C, and TEM
image of (E) 1.25%-Z/C, (F) 2.5%-Z/C, (G) 3.75%-Z/C, and (H) 5.0%-Z/C

SEM and TEM images of the spraying dried Zn(EDA)s**/cellulose complex are
depicted in Fig. 2. From the images one can see that all these samples show wrinkled
spherical morphology. By comparing images A, B, C and D, it can be seen that zincoxen
nanorods distributed in the surface of the complex, while with the increase of the mass
content of cellulose in the zincoxen cellulose solution from 1.25% to 5.0%, the
superficial zincoxen nanorods decrease and disappear eventually (see image D). The
results may be due to the zincoxen is excessive for cellulose dissolution at the low
cellulose content. TEM measurements have been carried out to further elucidate the
structure of Zn(EDA)s**/cellulose complex. Fig. 2 E presents the TEM images of

1.25%-Z/C sample, and it reveals that redundant zincoxen nanorods diffuse from the
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inner of the cellulose matrixes to the surface, and some of them are totally or partially
encapsulated by cellulose. Fig. 2 F and G depicts the TEM images of 2.5%-Z/C and
3.75%-Z/C samples, respectively. It can be seen that zincoxen nanorods decrease with
the increase of mass content of cellulose and these results are consistent with the SEM
measurements. It has been shown in Fig. 2H, when the content of cellulose reaches to 5
wt% no zincoxen nanorod can be observed on the surface and/or in the internals of the
complex spheres. The disappearance of zincoxen rods with the increase of cellulose
content can be explained as due to the completely coordinating between zincoxen and

cellulose.

Fig. 3 SEM images of (A) 1.25%-Zn0-500, (B) 2.5%-Zn0-500, (C) 3.75%-Zn0-500, (D)
5.0%-Zn0-500, (E) 1.25%-zZn0O-700, (F) 2.5%-Zn0O-700, (G) 3.75 %-ZnO-700, and (H)
5.0%-Zn0-700.

Fig. 3 presents the SEM images of both the x%-Zn0-500 and the x%-ZnO-700
series samples, which derived from the corresponding Zn(EDA)s**/cellulose complex
microspheres as are presented in Fig. 2 by calcination under air for 3 h at different
temperatures. It can be seen from images of Fig. 3 A to D, individual ZnO crystals with
size of about several tens nanometers assembled into cluster structures, and the
micro-frameworks of the resultant x%-Zn0-500 are similar to its precursor microspheres.
Definitely, for x%-ZnO-700 series samples, they also show assembly of ZnO
nanocrystals. However, the size of individual ZnO nanocrystal increases to about 100 nm
and turn to inhomogeneous, and some crystals with polygon structure can be found
among them as shown in Fig. 3E-H. On the basis of SEM and TEM measurements, one
can deduce that cellulose act as template during the formation of the clusters and it also
affect the crystal morphology of the resultant ZnO crystals. The crystal size decreases

and turns to more uniform with the increase of cellulose content in the precursors. The
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sizes of x%-ZnO-700 series samples made from the same cellulose content are larger
than x%-Zn0-500 series ones. The differences between them can be ascribed to the
sintering effect which induces the growth of the individual crystal at a high temperature.
Fig. 4 depicts the high-resolution TEM image and the selected area electron
diffraction (SAED) pattern of an individual ZnO nanocrystal. As can be seen from Fig.
4A, the lattice spacing of 0.28 nm can be calculated, which corresponds to the standard
spacing of (100) planes in hexagonal ZnO crystal. The SAED pattern (in Fig. 4B) shows
distinct rings consisting of bright spots, and they can be designated to the (100), (101),
(102), (110) and (103) planes, confirming further the hexagonal wurtzite structure of

ZnO nanocrystal. The result is consistent well with the XRD measurements.

¢ o
Fig. 4 (A) high-resolution TEM image and (B) selected area electron diffraction pattern of ZnO

nanocrystal.

3.3. Rietveld refinement and Strain analysis
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Fig. 5 Rietveld refinement plots of 1.25%-2n0-500 sample
In order to determine further the phase purity of the samples as well as the lattice
parameters, the Rietveld refinement was carried out using the GSAS software based on

the XRD data. The phase Rietveld fit of ZnO was performed on the hexagonal wurtzite
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crystal structure with space group of P63mc (186) [24]. The initial refinement was done by
the scale factor, the lattice parameters, the zero-point shift and background parameters.
After achieving a good match of the peak positions, the peak profile parameters including
the peak asymmetry were refined. Fig. 5 shows the Rietveld refinement patterns using the
X-ray powder diffraction data of 1.25%-Zn0-500 sample as an example. It shows good
agreement between observed XRD patterns and theoretical fit results, indicating the
success of the Rietveld refinement process [25]. It is verified further by small differences
near to zero in the intensity scale as illustrated by a line (obs-calc). Values obtained
through Rietveld refinement e.g. the reliability indices of the refinement (Rwp, Rp),
lattice parameters, bond angles and cell volume are summarized in Tables 1. The low
values of the reliability indices of Rwp and Rp suggest that the pattern fitting is accurate
[26]. From table 1 it can be seen the calculated lattice crystal parameters of
1.25%-Zn0O-500 sample are in good agreement with the observed one, indicating the

phase purity of the resulted sample is relatively high.

Table 1. reliability indices, lattice parameters, bond angles and cell volume of 1.25%-Zn0O-500 sample

lattice parameters/A
Rwp Rp b a B vy  cell volume
a= c

0.1052 0.137 3.24883(4) 5.20479(10) 90 90 120 47.5761(12)

Strain or stress can be involved in crystals due to the stacking of the crystal and the
presence of defects, such as grain boundaries, dislocations, voids, impurities and so on,
especially in those as blocks to form a clusters or assemblies [27]. Stresses have been
evaluated by a number of techniques, X-ray diffraction is one of the methods used by
many authors to assess the stress. The stress values in these samples of our work
calculated use the sin®y method with the JADE software are presented in Fig. S2. It can
be seen that the stress values of x%-Zn0O-500 series samples are negative, and such a
negative sign indicates a compressive stress. Meanwhile, the compressive stress value
increases with the increasing of cellulose content in the precursors. The stress values of
x%-ZnO-700 series samples are positive, it is a tensile stress. In terms of the grain
boundary relaxation model, it was proposed that the tensile stress is related to voided
microstructure at the grain boundary [28]. The different strains in the two series of

x%-Zn0O samples can be explained as due to the sintering effect at a high temperature.

10
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3.4. Nitrogen adsorption-desorption measurements

N, adsorption—desorption measurements were employed to investigate the specific
surface area and pore size distributions of the x%-Zn0O-500 and x%-ZnO-700 series
samples. The isotherms and corresponding pore size distribution curves are shown in Fig.
6. As can be seen, the isotherms of these x%-Zn0O-500 (x = 1.25, 2.5, 3.75) series

samples show obvious hysteresis loops and capillary condensation steps (Fig. 6 (a), (b)
and (c)), suggesting the existence of porous structure in them [29]. The corresponding
pore size distribution curves (inset) demonstrated that BJH pore size distributions of
X%-Zn0-500 series samples locate at around 40 nm. The large sized pore inside the
assemblies can be induced by the spacing among the ZnO nanocrystals. For
5.0%-Zn0-500 sample, it shows relatively lower BET surface area, pore volume and
average pore width, which is calculated to be only 4.5m?.g”%, 0.01cm®.g™* and 9.4 nm,
respectively. This can be attributed to the compacted structure of the assembly as have
been demonstrated by SEM observations. In comparison with the x%-Zn0-500 series
samples, x%-ZnO-700 series ones show a narrow hysteresis loop and the capillary
condensation steps shift to a higher relative pressure (Fig. 6 e-h), implying the reduction
of porosity [30]. The values of the BET surface area, total pore volume and average pore
diameter of the x%-Zn0O-500 and x%-ZnO-700 series samples are summarized in Table
2.

Table 2. Specific Surface Area, Pore Volume and Average Pore Width of x%-2n0-500 and
X%-Zn0-700 series samples

sample specific surface  pore volume average pore
area (m?-g %) (cm’.g ™) width (nm)

1.25%-Zn0-500 14.8 0.06 15.9
2.5%-Zn0-500 11.7 0.06 22.3
3.75%-Zn0-500 9.3 0.05 20.4
5.0%-Zn0-500 4.5 0.01 9.4
1.25%-Zn0-700 2.1 0.004 8.0
2.5%-Zn0-700 2.2 0.004 7.4
3.75%-Zn0-700 2.2 0.004 7.7
5.0%-Zn0O-700 2.6 0.005 7.7

From the table it can be seen that the specific surface area of the x%-Zn0O-700 series
samples is lower than those of the x%-Zn0O-500 series ones, and this can be ascribed to

the sintering effect to the ZnO nanocrystals at a high temperature, which reduces the
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pores diameter and also the total pore volume of their assemblies. For the four different
x%-2Zn0-500 samples, the specific surface area decreases with the increase of mass ratio
of cellulose in their precursors. It is probably due to the compact arrangement of the ZnO
nanocrystals at low cellulose content (as seen in Fig. 2A-D). While, for the x%-Zn0O-700
series samples, they show quite similar specific surface area values even though they
were derived from zincoxen cellulose solution with different contents of cellulose. This
can be put down to the growth of ZnO nanocrystal size at a high calcinations temperature
of 700 °C (see Fig. 2E-H). The specific surface area in somehow relates to the
photocatalytic performance of the ZnO nanocrystal assemblies [31], which then influence

the degradation rate of MO.
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Fig. 6. The nitrogen adsorption—desorption isotherms and corresponding pore size distribution curves
(inset) of x%-Zn0-500 series samples (a, b, ¢, d) and x%-ZnO-700 series samples (e, f, g, h)

3.5. Photoluminescent Properties
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Fig. 7 Photoluminescence spectra of (a) x%-Zn0-500 series, and (b) x%-Zn0-700 series samples

Fig. 7 depicts the photoluminescence curves of the two series of ZnO samples. From
the figure one can see that all the PL spectra consist of two emission bands located in UV

and visible light regions, respectively. The strong UV emission at around 397 nm is
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attributed to the excitonic recombination of the near-band-edge (NBE) emission, while
the peak in the visible ranges from 450 to 650 nm results from the defect states, such as
Zn vacancies (Vzn), O vacancies (Vo), interstitial Zn (Zn;) and interstitial O (O;). The PL
spectra of x%-Zn0-500 series samples are shown in Fig. 6a. From the Figure it can be
seen that the UV emission peaks show an obvious blue-shift with the decrease of the
content of cellulose in the precursors. This result can be ascribed to the broadening of the
optical bandgaps [32]. For the x%-ZnO-700 series samples, no appreciable shift of the
NBE emission band and a broad visible emission band can be observed (see in Fig. 7b).
There are many reports on the emission properties of ZnO crystals and most of them
show the green emissions at around 512 nm is more intense than the blue bands at about
455 and 459 nm. However, in our study it can be observed that the blue emission peaks is
higher in comparison with the green ones for the x%-Zn0O-500 series samples. The blue
emission peak observed at about 455 and 459 nm, can be ascribed to the transition of
electron from Zn; to Vz,, and the other blue emission which is around 480 and 483 nm
may result from the electron transition between the Vo and O; [33,34]. The green
emission peak at around 510 and 512 nm corresponds to the singly ionized oxygen
vacancy in ZnO and results from the recombination of a photo-generated hole with the
singly ionized charge state of this defect. Therefore, the intensity of the green
luminescence can be utilized to estimate the density of singly ionized oxygen vacancies
[35-37]. As can be seen from Fig. 6a the intensity of green emission peak for the
X%-Zn0-500 series samples follows the order of 2.5%-Zn0-500 > 3.75%-Zn0-500 >
5.0%-Zn0-500 >1.25%-Zn0-500, while the peak intensity of green emission peak
follows in an order of 5.0%-ZnO-700 > 3.75%-ZnO-700 > 2.5%-Zn0O-700 >
1.25%-2Zn0-700 for the x%-ZnO-700 series ones (see Fig. 7b), therefore, so does the

content of oxygen vacancies in them.
3.6. Photocatalytic Activity

Photocatalytic performances of x%-Zn0-500 and x%-ZnO-700 series samples are
investigated on the basis of MO degradation under UV irradiation. The panels a and b in
Fig. 8 show the variation of the UV-visible absorption spectra of MO solution in the
presence of ZnO nanocrystal assemblies under dark conditions for 3h and under UV light
irradiation for the same time in the absence of ZnO catalyst, respectively. As has been
shown in Fig 8, the MO exhibits a strong absorption at about 464 nm and a weak

absorption at about 271 nm, which can be attribute to the absorptions of azo linkage and
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the phenyl chromophores in the organic molecules, respectively [9]. No degradation of
MO is observed at the conditions of UV irradiation without ZnO or with ZnO catalyst but
under dark conditions. From the control experiments one can deduce that UV irradiation
and the presence of ZnO catalyst are two required essential factors for the photocatalytic
degradation of MO. The degradation ratio Dr can be calculated using the following
formula:
Dr = (Ao — A)/ Ag x 100%

Where Ay is the initial absorbance at the characteristic absorption wavelength of 464

nm, A is the absorbance of the MO aqueous solution at time t.
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Fig. 8 UV—vis spectra of the MO solution stayed for 3h, (a) with ZnO catalyst in a dark condition, and
(b) under UV irradiation without ZnO catalyst.
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Fig. 9 Degradation ratio for (a) x%-Zn0O-500 series samples, and (b) x%-Zn0O-700 series ones

Fig. 9 shows the plot of degradation ratio versus irradiation time. The MO
degradation ratio with 1.25%-Zn0O-500 catalyst reached to nearly 100% for 90 min,
meanwhile, catalysts 2.5%-Zn0O-500, 3.75%-Zn0-500 and 5.0%-ZnO-500 presented
slightly low activities and showed of 97.94%, 93.83% and 90.93% degradation ratios,
respectively (see Fig. 9a). While, MO degradation ratio of about 100% took place in 180
min for 5.0%-Zn0O-700 catalyst, nevertheless, the degradation ratios for 1.25%-Zn0O-700,
2.5%-2Zn0-700, 3.75%-Zn0O-700 catalyst reached just to nearly 91.2%, 93.3% and 95.6%
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, respectively, in the same time. From the results it can be seen that both the two series of
ZnO nanocrystal assemblies possess considerably high photoactivity under UV
irradiation, and the x%-2Zn0O-500 series samples displayed higher photocatalytic activity
than the x%-Zn0O-700 series ones on the longitudinal comparison of them. Moreover, the
1.25%-Zn0-500 sample showed superior photocatalytic activity than the others. There
can be many factors influencing the photocatalytic activity of ZnO nanocrystals such as
specific surface area [38], crystal size [39], particle morphology [40], and oxygen
vacancy [41]. In the following sections, these issues will be addressed and be discussed

in order to illustrate the photocatalytic activities of different ZnO samples.

The mechanism for the photocatalytic degradation of dyes on the basis of ZnO
nanocrystals is illustrated in Fig. 10 [42-44]. The band-edge positions of the ZnO crystal
and the redox potential of MO measured by cyclic voltammetry vs NHE are also

presented in the scheme [45].
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—
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O‘a- M = i -
2 > 5.0
2 5.

\ 7n0O & 3__o,m,0
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Figure 10. Schematic illustration of the photocatalytic process with ZnO nanocrystals and

the band-edge positions of the ZnO crystal and the redox potential of MO vs NHE.

When the ZnO nanocrystals are illuminated by UV light with energy larger than or
equal to the energy of the band gap, the electrons are excited and transfer from the
valence band (VB) to the conduction band (CB), leaving an equal number of vacant sites
(holes). Subsequently, there can be two kinds of fate to the charge carriers [46]. The
photo-excited electrons and the holes can recombine to liberate heat, and they can also
migrate to the surface of the nanocrystals and act as reducing or oxidizing agents,
respectively. The high oxidative potential of hy; permits the direct oxidation of MO to
reactive intermediates since the redox potential of MO is much higher than the VB
band-edge of ZnO (Eq. (1)) [47].

h;, + dye — dye*" — photooxidation of MO dye (1)

Holes can also react with hydroxide anions or water molecules to form highly reactive
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hydroxyl radicals (*OH) which is a strong and nonselective oxidant owning ability to
degrade dyes. (Egs. (2) and (3)).
h;;, +OH — <OH (2

hiy +H,O — <OH +H' (3)

Meanwhile, Conduction band electron e’c; can be captured by preadsorbed oxygen
molecules (O;) on catalyst surface to form reactive oxygen species (*O"), which reacts
with H" and results further in the formation of oxidative sOH radicals. (Eqgs. (4)-(7)):
O+ ez — 02 4

*0; +H —HOO- (5)

HOOs +H'+ e, — H,0; (6)

H,O,+ hy —+OH+OH (7)

Alternatively, the reactive oxygen species (O;) can also reacted directly with MO
moleculues, resulting in degrading of MO through a photoreduction process (Eg. 10)
[48].

*O, + MO —> Products (8)

Based on the above mentioned results and the proposed mechanism, we can then
elucidate the influence factors on the catalytic activities of these ZnO nanocrystals. First,
the large surface area in the assembly of ZnO naocrystal can offer more active sites and
allow more opportunity for the mass transportation of reactant/product molecules. (see
Table 1). Second, the grain sizes of x%-Zn0-500 series samples are smaller than that of
the x%-Zn0O-700 series ones. On the one hand, the smaller of the nanocrystals, the higher
of the specific surface area. On the other hand, with the decrease of the crystal size the
distance of photo-generated electrons and holes moving from internal to the surface is
shorten, thus promote the process of photo degradation. Third, it is well-known that the
crystal morphologies play also important role on the photocatalytic performance of ZnO
nanocrystals since the photocatalytic activity is strongly depends on some specific
exposed crystal faces [49,50]. However, such a specific crystal faces is still open
questions to answer. It should be stated that essential understanding of these questions
demands much deeper experimental and theoretical work. Fourth, as can be seen from the
photoluminescence study, there are abundant oxygen vacancies in the ZnO nanocrystals
and its content can be estimated by analyzing the intensity of the green emission peak.
The oxygen vacancies have been proved to be favorable for the efficient separation of
electron-hole pairs and minimize the radiative recombination of electron and hole [51].
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What’s more, oxygen vacancy can promote oxygen adsorption and then generate active
component of superoxide radical anion (+Oy), which is beneficial to the photocatalytic
ability of ZnO particles [52,53]. As for the superiority in photocatalytic efficiency of the
X%-Zn0-500 series samples than that of the x%-Zn0O-700 series ones, and the prominent
photocatalytic activity of the 1.25%-Zn0-500 sample, all these factors mentioned above
should be taken into account.

3.7. Recyclability and Stability

Excellent reusability and high stability are of great significance to evaluate the
quality of a catalyst. The 1.25%-Zn0O-500 and 5.0%-Zn0O-700 samples were selected to
study the reusability, and both the two ZnO samples were tested for five successive
cycles. Fig. 11 shows the cycled photocatalytic degradation of MO in the presence of
Zn0O nanocrystal assembly under UV light irradiation. The degradation ratios higher than
93 % are observed for both the samples even after five catalytic cycles. Such a high
recyclability can be attributed to the assembly structure of the catalysts, which prevent
the catalyst from leaching during the recycle process. Satisfyingly, both the samples
show quite similar XRD patterns (which corresponds to the hexagonal wurtzite structure
of ZnO) and morphology with the as-prepared ones, indicating their high composition

and structure stability (see Fig. S3 and Fig. S4).
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Fig. 11 Recycled degradation ratio of MO in the presence of ZnO nanocrystal assemblies under UV
light irradiation.

4. Conclusions

The large-scale producible spray drying processes has been demonstrated to be a
simple and unique approach to the preparation of ZnO nanocrystal assemblies by simply
combining it with a calcinations step. The conventional zincoxen cellulose aqueous
solution has been used as raw materials for the preparation and it provide both the

precursor for ZnO and the sacrificial template for assembling of the nanocrystals. The
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size of individual ZnO nanocrystal, morphology of the assembly and the
photolunminicent property are relative to the content of the sacrificial template of
cellulose and also to the applied calcinations temperatures. The resultant ZnO
nanocrystal assemblies showed high photocatalytic activity in the degradation of methyl
orange dyes. It has been demonstrated that an assembly with large specific surface area
and consist of small-sized nanocrystals with suitable density of surface oxygen vacancy
is desirable for the photocatalytic reactivity. All in all, both the developed preparation
method and the resulted ZnO nanocrystal assemblies show great potentials in practical

application.
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