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a  b  s  t  r  a  c  t

A  starch-assisted  synthetic  methodology  of  multispheres  ZnO–starch  biocomposites  was  developed.  An
additional  thermal  processing  of the ZnO–starch  composites  induces  the  formation  of  ZnO  with donut-
like  morphology.  The  synthesis  of single-phase  zinc  oxide  with a  spherical  morphology  is conditioned
by  the  presence  of starch,  which  acts as  template,  stabilizing/capping  agent.  The  synthesized  structures
vailable online 3 September 2014

eywords:
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nO
ulti-spheres and donut structure

present  significant  photocatalytic  activities;  a total  phenol  mineralization  is attained  with  the donut-like
ZnO  photocatalyst  under  visible  light  irradiation,  due  to a cumulative  effect  of  the its relatively  large
specific  surface  area,  high  crystallinity  and  favorable  combination  of defects  for  band  narrowing,  which
together  permit  an  enhanced  utilization  rate  of  the  light.

©  2014  Elsevier  Ltd. All  rights  reserved.

ptical properties, Visible-photocatalyst

. Introduction

In the last decade, the increase receptiveness towards the
nvironment, forced a reinventing of the nanotechnology in a
reen context (McKenzie & Hutchison, 2004). One of the Green
hemistry principles is the use of renewable raw materials and
eedstocks whenever technically and economically practical, rather
han depleting non-renewable materials (Anastas & Warner, 1998).
ertainly, the biomass is the most renewable feedstock in terms of
olume produced (175 billion tons of biomass materials per year),
olysaccharides being ∼70% of it. Unfortunately, far too little of
he produced amounts of polysaccharides are currently used (∼4%

ainly in food industry), the most decays and recycles along natural
athways (Thoen & Busch, 2006). In these circumstances, finding
fficient applications that add supplementary value should repre-
ent one of the multidisciplinary research topics of this beginning
f the millennium.

Despite their indisputable green attributes (renewability, highly
vailability, and nontoxic nature) associated with outstanding ver-

atile functionalities, the implication of polysaccharides in the
ynthesis of different materials (metals, metal oxides, and compos-
tes) is an insufficiently explored research issue of materials science

∗ Corresponding author. Tel.: +40 0213121149; fax: +40 0213121149.
E-mail address: ocarp@icf.ro (O. Carp).

ttp://dx.doi.org/10.1016/j.carbpol.2014.08.061
144-8617/© 2014 Elsevier Ltd. All rights reserved.
(Visinescu, Patrinoiu, Tirsoaga, & Carp, 2013). Among polysaccha-
rides, starch has a special place due to its abundance, low-cost and,
properties derived from its two constituents, amylose and amy-
lopectine. The linear and helical-shaped amylose affects particles
shape and size development during the synthesis stages due to
its gelling assets and capacity to form protective functionalized
surroundings around the synthesized nanoparticles (Coperland,
Blazek, Salam, & Chiming, 2009). The branched amylopectine
assures the biopolymer solubility. Starch hydroxyl groups could be
involved in dynamic intra- or intermolecular supramolecular asso-
ciations (Imberty, Chanzy, Perez, Buleon, & Tran, 1988; Raveendran,
Fu, & Wallen, 2003), establishing coordinative bonds with vari-
ous transitional metal ions (Chang, Yu, Ma,  & Anderson, 2011;
Thirumavalavan, Huang, & Lee, 2013).

On the other hand, the nontoxic and biocompatible ZnO is one
of the most fascinating materials, gathering a plethora of structures
and an extraordinary combination of properties and applications.
Although TiO2 is by far the most used photocatalyst, ZnO represents
an effective alternative because of its similar band gap (3.37/3.23 eV
for ZnO/TiO2), lower cost and, variety of structures (Liao, Badour, &
Liao, 2008; Xu et al., 2009).

In general, there are two ways to design/synthesize ZnO nano-

structures: vapor-phase processes and solution chemical routes.
While the first requires complex processes and sophisticated
equipments that noticeably increase the synthesis costs, the sec-
ond alternative has become a promising option for large-scale

dx.doi.org/10.1016/j.carbpol.2014.08.061
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.08.061&domain=pdf
mailto:ocarp@icf.ro
dx.doi.org/10.1016/j.carbpol.2014.08.061
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roduction due to its simpler, faster, and less costly merits. Addi-
ionally, solution routes have an important benefit permitting the
se of organic additives as growth inhibitors and crystal habit
odifiers that can tune the size and shape of the final products

Lepot et al., 2007; Sounart et al., 2006; Sun et al., 2008; Zeng
 Yang, 2006). In addition, if the additive is a renewable mate-

ial, the synthesis shifts from a conventional route to a green one.
itherto, several studies report the synthesis of ZnO in the pres-
nce of polysaccharides such as starch (Mumalo-Djokic, Stern, &
aubert, 2008; Vigneshwaran, Kumar, Kathe, Varadarajan, & Prasad,
006), cellulose derivatives (Bobowska,Wojciechowski, & Halamus,
008; Kamalasanan & Chandra, 1996; Yin et al., 2010), alginate
Baskoutas, Giabouranis, Yannopoulos, & Dracopoulos, 2007; Gao
t al., 2006; Trandafilović, Božanić, Dimitrijević-Branković, Luyt,

 Djoković, 2012), and chitosan (Li, Wu,  & Zhitomirsky, 2010).
he phase purity, shape and size distribution of the obtained ZnO
epend strongly on the polysaccharides nature and adopted syn-
hesis parameters.

The objective of the present paper is to demonstrate that starch
ay be used successfully as green additive in metal oxides syn-

hesis. The biopolymer plays a decisive role in the synthesis of
ingle-phase metal oxide with particular 3-D spherical architec-
ures. Moreover, the synthesis methodology is not sensitive to
tarch’s amylose/amylopectine content and oxidation degree (in
he investigated ranges), allowing the use of the biopolymer from
ifferent sources and/or batches. Customizing for ZnO the syn-
hetic procedure, a simple starch-assisted synthetic route led to

ulti-spheres ZnO morphologies, which upon heating are con-
erted to donut-like ZnO structures. The obtained materials are
haracterized by interesting optical properties and high photocat-
lytic performances tested for the phenol degradation reaction in
n aqueous solution.

. Experimental

.1. Materials

All chemicals (analytical grade) were used as received: soluble
xidized corn starch (Carl Roth, Germany), zinc acetate dihydrate
Zn(CH3COO)2·2H2O, Reactivul, Romania] and ammonia aqueous
olution (Chimopar, Romania). The utilized starch presents an amy-
ose/amylopectine ratio equal with 26/74, and a carbonyl and
arboxyl content of <0.1% (Kaukpetoom & Wang, 2001) and <0.35%
ISO-11214-1996 method), respectively. Remark: the same results
oncerning the ZnO–starch composite and its derived oxides were
btained using starch polymers with an amylose content ranging
rom 20% to 29%.

.2. Synthesis procedure

A total of 0.324 g starch was dissolved in 110 mL  hot water
nder stirring till a clear solution is formed. In order to obtain an
GU/zinc acetate (AGU = anhydroglucose unit) molar ratio equal
ith 0.5, the cooled starch solution was mixed with 50 ml  of

inc acetate solution (0.878 g). Maintaining the stirring, an aque-
us solution of ammonia (2.88 M)  was added drop wise till a pH
alue of 10.35 is attained. The reaction mixture was held under
ontinuous stirring at 80 ◦C for 150 min. Afterward, the white
olloidal solution was centrifuged, the isolated product washed
everal times with distilled water and dried on P4O10. The obtained

tarch–ZnO composite was noted as ZnO C. To get pure ZnO
hase, the composite was calcinated in air with a heating rate of
0 ◦C/min for 1 h at 500 ◦C (ZnO 500) and 800 ◦C (ZnO 800), respec-
ively.
mers 115 (2015) 285–293

2.3. Characterizations

The crystalline structure of the obtained products was  analyzed
by X-ray diffraction (XRD) carried out at room temperature with
a SHIMADZU XRD 6000 diffractometer, using Ni-filtered Cu K�
radiation (� = 1.5418 Å) for 2� ranging between 20◦ and 80◦. The
crystallites size was estimated for the three main peaks of ZnO
[(1 0 0), (0 0 2), (1 0 1)] using Scherrer equation. The morphology
of the as-synthesized samples was investigated by scanning elec-
tron microscopy (SEM) using a Quanta 3D FEG microscope and by
transmission electron microscopy (TEM and HRTEM) coupled with
SAED (selected area electron diffraction) and EDX (energy disper-
sive X-ray spectroscopy) using a TECNAI F30 S-Twin microscope.
Thermal measurements were performed on a Q-1500 Paulik-Paulik-
Erdey derivatograph in static air, with a heating rate of 10 ◦C/min
and a sample mass of ∼50 mg.  The BET surface area, total pore vol-
ume and pore size distribution were obtained with a Micromeritics
ASAP 2020 automated gas adsorption system. Infrared spectra (FTIR)
were recorded from KBr pellets on a FTIR Brucker Tensor V-37 spec-
trophotometer. UV–vis spectra were recorded with a JASCO V-670
spectrophotometer in the range 200–1000 nm.  Photoluminescence
measurements (PL) were performed on a JASCO FP 6500 spec-
trophotometer, using 350 nm excitation line of xenon light. Room
temperature Raman spectra were recorded in the range from 70 to
2000 cm−1 using a Horiba Jobin-Yvon LabRam HR spectrometer and
the green line on an Ar+ laser (� = 514.5 nm). X-ray photoelectron
spectroscopy (XPS) was  carried out on a PHI Quantera equipment
with a base pressure in the analysis chamber of 10−9 Torr. The X-ray
source was  monochromatized Al K� radiation (1486.6 eV) and the
overall energy resolution is estimated at 0.65 eV by the full width at
half-maximum of the Au 4f7/2 photoelectron line (84 eV). Although
the charging effect was minimized by using a dual beam (electrons
and Ar ions) as neutralizer, the spectra were calibrated using the
C1s line (BE = 284.8 eV).

2.4. Photocatalytical activity

The phenol degradation was  investigated in stationary quartz
reactors with UV (60 W,  filter at � = 365 nm)  and visible (60 W,
� > 380 nm)  lamps and a distance between the light source and reac-
tion tube of 8 cm.  The reactions were carried out in the glass mini
reactors (5 mL)  at 20 ◦C, using 0.05 g of catalyst and 3 mL  of phe-
nol solution 2 × 10−3 M.  In order to reach adsorption–desorption
equilibrium, prior to irradiations, the aqueous solutions of phenol
were 30 min  magnetically stirred in dark. In all the experiments
the reactors were maintained under continuous magnetic stirring
at room temperature for 5 h. The reaction products filtered through
Millipore membrane filters were analyzed on a DANI GC 1000 gas
chromatograph connected to a FID detector with capillary col-
umn  OPTIMA-1 (diameter = 0.32 mm,  film thickness = 0.5 �m,  and
length = 30 m).  The conversion (c) and mineralization (m) were
calculated by using the equations c = (C0−C)/C0 and respectively
min  = (C0−Cmin)/C0, where C0, C, and Cmin are the toluene concen-
trations before irradiation, after a certain irradiation time, and the
organic compounds concentration after a certain irradiation time.

3. Results and discussions

A simple basic, starch-assisted hydrolysis of zinc acetate was
performed at 80 ◦C as described in the Experimental Section. A
white turbidity appear as early as 20 min  of heating treatment, but
yields higher than 50% are obtained only after 90 min  of reaction;

at 150 min  more than 90% of the zinc acetate is converted into ZnO.
It is important to mention that the phase composition and the mor-
phology of the final products are preserved during the progress of
the synthesis.
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width (<8 cm ) indicates a good crystal quality for all three
ZnO structures (Li, Xiong, & Xie, 2005). The less prominent peaks
at 332 and 385 cm−1 are attributed to the secondary Raman
scattering aroused from zero-boundary phonons 2-E2 and polar
ig. 1. FTIR spectra of (a) starch; (b) ZnO–starch composite; (c) ZnO 500, and (d)
nO 800.

.1. Reaction products characterization

The IR investigations of the ZnO C composite [Fig. 1(b)] reveal
eside the formation of ZnO, the presence of bonded water and
tarch [almost all starch [Fig. 1(a)] fingerprints are discerned].
n interesting evolution of the �(OH) vibration from ∼3440 cm−1

ssigned to chemisorbed and/or physisorbed water molecules
nd/or hydroxyl groups may  be noticed: if in the case of neat starch
he band is very broad, for ZnO C composite it turned narrower due
o a certain ceasing of the hydrogen bonds as a result of hydroxyl
roups involvement in linkages with zinc ions. ZnO mineraliza-
ion is sustained by the strong absorption band from 493 cm−1 that
orresponds to Zn O stretching vibrations (Nakamoto, 1986). The
volving of starch and water during calcination is supported by the
isappearance of their main IR peaks; a very weak band assigned to
he �(C O) vibration together with a medium one attributed to �(OH)
ibration, both derived from a persistent carbonaceous residue are
dentified only for ZnO 500 [Fig. 1(c)].

The thermal behavior of ZnO C is presented in Fig. 2. The first
ecomposition stage (56.4–174.4 ◦C) corresponds to the evolving
f surface bonded water and the following two decomposi-
ions (174.4–369.3 ◦C and 369.3–489.1 ◦C) to the starch oxidative
egradation (Jurca, Tirsoaga, Ianculescu, & Carp, 2014). From
he thermogravimetric data, a molar composition equal with
4ZnO–1AGU–2H2O may  be advanced for the composites isolated
t different reaction times. Such an assessment may  be formulated
ecause the oxidized starch does not retrograde, and therefore
o sedimentation of soluble components is expected during the
entrifugation step (Belitz, Grosch, & Schieberle, 2009). The starch
ontained by composite decomposes at considerably lower tem-
eratures (with ∼160 ◦C) comparative with pure starch. Such a
ubstantial variation of the biopolymer thermal stability is caused
y a disturbance of the initial intra- and intermolecular associa-
ions due to the participation of the hydroxyl groups in linkages
ith Zn2+, which results in concordance with FTIR data also. Nev-

rtheless, a catalytic effect of ZnO cannot be entirely excluded. The
arge exothermic effect (476.3–697.5 ◦C) that follows the mass loss

tages is assigned to the nucleation and growth processes of ZnO
rystallites (Marinkivic, Mancic, & Milosevic, 2004).

The XRD patterns of the three samples are characteristic for ZnO
ith a wurtzite structure [Fig. 1(a)–(c) Electronic Supplementary
Fig. 2. Thermal curves (TG, DTG, and DTA) of ZnO C.

material]. The absence of starch diffraction peaks is an indication
that the biopolymer contained by ZnO C composite is amorphous
[Fig. 1(a) Electronic Supplementary Material]. The thermal pro-
cessing of the ZnO C composite determines an increase of ZnO
crystallites sizes, the augmentation being more pronounced along
the a-axis (Table 1). Such an unusual large increment of the size
with temperature is caused by the disappearance of the steric
hindrance imposed by starch and, by the sintering processes that
take place at this temperature. It is also worth mentioning, that
in absence of starch, the reaction product is mainly Zn(OH)2 with
traces of ZnO (Fig. 2 Electronic Supplementary Material), the key
role played by starch in the developed synthesis being obvious.

The formed phases were also investigated by Raman spec-
troscopy (Fig. 3). In ZnO C spectrum the peaks of starch
(Łabanowska, Wesełucha-Birczyńska, Kurdziel, & Puch, 2013)
can be found besides ZnO ones. The dominant, strong Raman
band obtained at 437 cm−1 characteristic for ZnO wurtzite is
assigned to the nonpolar optical phonon E2 modes at high fre-
quency (Cao, Cai, Li, Sun, & Zhang, 2005; Jiang et al., 2007). Its

−1
Fig. 3. Raman spectra of (a) ZnO C composite; (b) ZnO 500, and (c) ZnO 800.
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Table 1
Structural, morphological and photocatalytical data of ZnO C composite, ZnO 500, and ZnO 800.

Sample D(100) a-axis (Å) D(002) c-axis (Å) D(101) (Å) D(100)/D(002) SBET (m2 g−1) Vtotal (cm3 g−1) Pore size (nm) Phenol photocatalytical conversions

UV Visible

Con.a Min.b Con. Min.

ZnO C 111 137 111 0.80 7.76 0.0427 25.27 93.5 68.5 73.5 69.5
ZnO  500 237 244 222 0.97 14.55 0.0960 23.79 89.4 89.4 100 100

3 

t
p
a
p

ZnO  800 362 370 350 0.97 3.6

a Con. = conversion (100%).
b Min. = mineralization (100%).

ransverse A1 optical phonon mode, respectively. A low-intensity

eak is observed as well at 207 cm−1, being assigned to an
ssociated contribution of 2TA and low-E2 modes. The three
eaks, positioned at 539, 579, and 664 cm−1 are attributed to

Fig. 4. SEM micrographs of (a, b) ZnO C comp
0.0125 49.95 95.3 72.5 92.1 87.0

low-2B1 and LA overtone A1(LO), E1(LO), and TA + TO combina-

tion correspondingly. The E1(LO) vibration associated with the
presence of defects as oxygen vacancies, zinc interstitials and/or
their combination (Decremps, Pellicer-Porres, Saitta, Chervin, &

osite, (c, d) ZnO 500, and (e, f) ZnO 800.
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Fig. 5. TEM/HRTEM images of the ZnO C composite sample: (a) lower magnification TEM image indicating clusters formed as a result of a peculiar self-assembly phenomenon
o  sphe
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f  ZnO spheres; (b) higher magnification TEM image showing the rough surface of ZnO
nside  of a ZnO mesocrystal; (d) SAED pattern corresponding to (a) and (e) EDX spe

olian, 2002) presents a stronger intensity in ZnO C and ZnO 800
amples.

The surface characteristics are noticeably influenced by the ther-
al  processing also. The calcination of the composite at 500 ◦C

etermines a doubling of the specific surface area due to the
volving of starch and surface bonded water (Table 1). A further
ncrease of the temperature (800 ◦C) decreases the specific sur-
ace area to a value lower even than that of the composite’s one,
ehavior assigned to a partial sintering process. According to the
JH pore size distribution curve calculated from the desorption

sotherm (Fig. 4 Electronic Supplementary Material), the compos-
te and ZnO 500 sample present a similar average pore diameter
Table 1), but ZnO 500 has a significant lager total pore volume
s a consequence of its cleaner surface. For the sample ZnO 800
he average pore diameter is at the upper limit of the range char-
cteristic for mesoporous materials, the porosity of this sample
resumably arise from the interparticles spaces.

From a morphological point of view, the composite obtained
ven at the beginning of their precipitation consist in clusters of 5–7
pheres characterized by a rough surface and diameters ranging
rom 100 to 500 nm [Fig. 4(a) and (b)]. A considerably modification
f the morphology is attained after calcination: the multi-spheres
ggregates flatten and change into donuts-shaped morphologies
Fig. 4(c) and (d)]. The diameters of the entire new formed struc-
ure vary between 150 and 550 nm,  and a round centered-located
ole of 15–35 nm crosses it transversely. With temperature rising,

 shrinkage of the hole diameter is noticed [Fig. 4(e) and (f)].
In addition to the SEM investigations, TEM analysis of the ZnO C

omposite clearly indicates the same peculiar self-assembly phe-
omenon of ZnO spheres into clusters [Fig. 5(a) and (b)]. The higher
agnification image [Fig. 5(b)] suggests that the rough surfaces

f the spheres is most likely due to their polycrystalline nature.
ndeed, the HRTEM image inside of a ZnO C composite sphere

Fig. 5(c)] points out that actually such a sphere is a mesocrystal
onsisting of small, polyhedral crystallites with dissimilar orien-
ation and high crystallinity degree as proved by the ordered
ringes corresponding to the crystalline planes of ZnO. The size of
res; (c) HRTEM image showing small, polyhedral crystallites of dissimilar orientation
.

these crystallites estimated from several HRTEM images is ranged
between 10 and 15 nm,  which is consistent with the average crys-
tallite size calculated from the XRD data (Table 1). Despite the high
crystallinity inside the small crystallites, however, their low size
seems to affect somewhat the global long-range order in the archi-
tectures of spheres, as revealed by the small and less marked spots
forming almost continuous, but well-defined, concentric diffrac-
tion rings in the SAED pattern corresponding to Fig. 5(d). The
qualitative elemental analysis proves the high purity of the ZnO C
composite, so that only the presence of Zn, O, and C species were
detected in the EDX spectrum of this sample, as it has been noticed
in Fig. 5(e).

The XPS spectra of the calcinated samples [Fig. 4(a) and (b)
Electronic Supplementary Material] show the presence of zinc, oxy-
gen and small amounts of adsorbed hydrocarbons (<10%). The two
peaks obtained by the deconvolution of O 1s one [Fig. 4(c) and (d)
Electronic Supplementary Material], are assigned to O2− ions in
wurtzite structure (I, ∼530.5 eV) and Ox

− ions (O− and O2
−) in the

oxygen deficient regions (II, ∼532.0 eV) (Chen et al., 2000). The con-
tribution of the OH groups confined on the top of the surface cannot
be ruled out, particularly for ZnO 500. The temperature rising from
500 to 800 ◦C induces an increase of the oxygen vacancies, the quan-
titative analysis (Table 2) estimates a Zn:O ratio close to 1 and equal
with 1.41 for ZnO 500 respective ZnO 800 samples. The Zn2p3/2
peak (1021.7 eV) and the Auger ZnLMM transition (498.2 eV) are
attributed to wurtzite Zn2+ (Fig. 5 Electronic Supplementary Mate-
rial).

The room-temperature photoluminescence spectra of the
three samples (Fig. 6) present an UV band (near band-edge
emission) generated by the free-exciton recombination (Greene
et al., 2003) and several visible bands covering the violet-
red region (deep level emissions) caused by intrinsic/extrinsic
defects (Dijken, Meulenkamp, Vanmaekelbergh, & Meijerink, 2000;

Djurišić & Leung, 2006). The position of the UV emissions is
dependent on the annealing temperature, lying in the sequence
ZnO C < ZnO 800 < ZnO 500 (374 < 383 < 398 nm). As ZnO crystals
are properly large for excluding the quantum confinement effect,
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Table 2
Summary of XPS data: binding energy, atomic relative concentration.

Sample Binding energy (eV) Atomic relative concentration (%)

C1s Zn2p3/2 ZnLMM O1s (I) O1s (II) Zn O

ZnO 500 284.8 1021.7 498.2 530.5 532.1 49.9 50.1
ZnO  800 284.8 1021.7 498.2 530.5 532.1 58.6 41.4
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Fig. 7. UV–vis spectra of ZnO C, ZnO 500, and ZnO 800 and the Tauc plots (inset)

degradation under UV and visible irradiation. Although so far there
ig. 6. Room-temperature photoluminescence spectra of (a) ZnO C composite, (b)
nO 500, and (c) ZnO 800.

he variation may  be assigned to the difference in morphology and
ature and concentration of the native defects that characterized
he investigated samples.

The ZnO C and ZnO 800 spectra show an unexpected resem-
lance in the visible region, presenting similar blue and green
mission peaks, more intense in the case of ZnO 800. In contrast,
he ZnO 500 spectrum has a distinct profile, being characterized
y weak peaks in the blue range and well-defined bands in the
ellow and orange-red ones. The deficiency in oxygen related
ith blue (Djurišić & Leung, 2006; Zheng et al., 2010) and green

missions (Dijken et al., 2000; Djurišić & Leung, 2006) of the
nitial composite and ZnO 800 sample has different origins. In
he case of ZnO C composite it is associated with starch pres-
nce during the synthesis procedure. Although starch is known
s a nonreducing saccharide (Kimball, 1994) this polysaccharide
ould act as weak reducing agent under specific experimental
onditions as proved by its implication as reducing agent in the
ynthesis of different metals [Te (Lu, Gao, & Komarneni, 2005),
u (Chairam, Poolperm, & Somsook, 2009), and Ag (Vigneshwaran,
achane, Balasubramanya, & Varadarajan, 2006). Thus, in our case

tarch induces the formation oxygen vacancies on ZnO surface (a
ithdrawal of surface oxygen by starch), behavior already iden-

ified when other reducing raw materials were used (Liu, Huang,
ulieman, Sun, & He, 2006; Rodriguez-Gattorno et al., 2003; Zheng
t al., 2007). During the annealing processes, the formation of
xygen vacancies and oxygen defects are competitive. A ther-
al  treatment performed at 500 ◦C tend to an adsorption and

onization of the oxygen molecules onto the ZnO surface layers
ollowed by their diffusion toward lattice sites and, as evalu-
ted by XPS investigations a relatively stoichiometric ZnO with
nterstitial oxygen instead of oxygen vacancy as interface traps

s obtained. The presence of the yellow (Greene et al., 2003; Li
t al., 2004) and orange-red (Monticone, Tufeu, & Kanaev, 1998;
heng et al., 2007) emissions supports the affirmation. At higher
where  ̨ is the absorption coefficient of ZnO at a certain wavelength, h the Plank’s
constant and � the frequency of light.

calcinations temperature (800 ◦C) it is reasonable to consider two
effects: molten zinc redistribution in the solid sample associated
with its partial evaporation (zinc melting point = 420 ◦C) and oxy-
gen adsorption/desorption. The first triggers the formation of zinc
vacancies and an increase of interstitial zinc causing the appear-
ance of violet emissions (Djurišić et al., 2006). As concerning the
oxygen adsorption/desorption, it seems that for the donut-like par-
ticular morphology the oxygen desorption overtakes its adsorption,
leading to a deficient zinc oxide (confirmed by XPS data), with a
characteristic green emission.

The UV–vis spectra and the Tauc plots of ZnO C, ZnO 500
and ZnO 800 samples are presented in Fig. 7. Both the absorp-
tion edge onset and band gap energy [estimated from (˛h�)2

vs.  h� plot according to Tauc relation] are red-shifted compara-
tive with bulk ZnO. While the sequence of the absorption edge
onset is ZnO C < ZnO 800 < ZnO 500 (339 nm < 348 nm < 367 nm),
the one obtained for the values of the band gap energy
is reverse ZnO C > ZnO 800 > ZnO 500 (3.23 eV < 3.15 eV < 3.06 eV,
Fig. 7 inset). ZnO 500 sample also presents a weak absorption in
the visible spectral range (up to ∼625 nm), comportment attributed
to its morphological peculiarities, although stoichiometry defi-
ciencies and associated defects cannot be completely excluded
(Ghoshal, Kar, & Chaudhuri, 2006; Li et al., 2004; Yu, Li, & Liu, 2008).

3.2. Photocatalytic activity

The displayed optical properties (absorption and photolumi-
nescence) of the ZnO architectures indicate their potential toward
photocatalytical applications. As test reaction was chosen phenol
are many relative studies reporting phenol photocatalytic degra-
dation under UV light using either TiO2 or ZnO photocatalyst (Carp,
Huismann, & Reller, 2004; Hayat, Gondal, Khaled, Ahmed, & Shemsi,



O. Carp et al. / Carbohydrate Polymers 115 (2015) 285–293 291

echan

2
d
2

p
i
p
t
c
d
t
i

3
d

p
c
i
t
t
c
a
g
2
b
(
a
Z
d
b
n
n
m
f
i

Fig. 8. Schematic illustration on the formation m

011), only few investigations are dedicated to its photocatalytic
egradation under visible conditions (Jiang et al., 2011; Wang et al.,
005; Pardeshi & Patil, 2008; Patrinoiu et al., 2012).

The most active photocatalyst is ZnO 500 that shows the best
henol mineralization efficiently (total mineralization under vis-

ble irradiation, Table 1). In the case of ZnO C and ZnO 800
hotocatalysts, the main degradation reaction is also the con-
aminant mineralization, but hydroxylation products (in principal
atechol and hydroquinone) that resulted from an incomplete oxi-
ation were identified as well. The recorded phenol conversions for
he ZnO C and ZnO 800 samples are similar in UV conditions, but
n visible experiments ZnO 800 has a higher activity.

.3. Formation mechanism of ZnO–starch composites and its
erived oxides

The formation of ZnO spherical architectures is rationally
roposed to be a starch template mechanism. The nucleation and
rystal growth processes of ZnO crystallites are preceded by an
nduction period during which a Zn2+–starch precursor that directs
he space distribution and implicit the dispersion of zinc cations in
he system is developed (Fig. 8). The precursor presents catenulate
omplex structures as a result of coordination, supramolecular,
nd electrostatic linkages between starch’s hydrophilic functional
roups and zinc cations (Chang et al., 2011; Somsook et al.,
005),linkages that could include even intermolecular bonds
etween the individual chains of starch (i.e.  crosslinking, Fig. 8(a))
Staroszczyk & Janas, 2010). Subsequently, the addition of the
mmonia-water solution converts the initial precursor into a
n(OH)2–starch one (Wei  et al., 2006), that during further heating
ehydrates, and ZnO crystals nucleate heterogeneously on the
iopolymer surface (Fig. 8(b) and (c)). Starch would not hinder the
ucleation of nanocrystals but could restrict the growth rate of the

uclei, thus controlling the size distribution of particles. In order to
inimize their surface area (Mo,  Yu, & Zhang; Li, 2005), the initial

ormed ZnO particles attached to the biopolymer, cluster together
nto colloidal multi-spherical aggregates via a self-assembly
ism of multi-spheres and donut-like shaped ZnO.

process. Starch acts probably as a flocculent, driving the aggre-
gation (Zhang & Mu,  2007) (Fig. 8(d)) but also it restrains the
further growth of ZnO particles. The dramatic morphology change
suffered by the composite during thermal processing is a proof
that starch is responsible for the adopted hierarchical structure: its
elimination produces the collapse of the multi-sphere aggregates
leading to a donut-like structure (Fig. 8(e) and (f)).

4. Conclusions

The starch-assisted developed synthetic procedure represents
an example of how a polysaccharide may  be transformed into a
resourceful additive in oxides synthesis, acting as template and
stabilizing/capping agent. The long-chain biopolymer forces the
nucleation and growth of ZnO crystallites to occur preferentially
on polysaccharides regions of high Zn2+ concentrations, controlling
also the self-assemblation of ZnO particles into 3-D architectures.

While the initial ZnO–starch composites consist in clusters
of 5–7 spheres, a calcination at 500 ◦C facilitates the change to
a donut-like structure whose center-located hole contracts at
rising temperatures. The thermal processing leads, at the same
time, to a variation of ZnO stoichiometry and implicit associated
defects, determining an interesting modulation of the optical prop-
erties (absorption edge onset, band gap, and photoluminescence
characteristics). Donut-like shaped ZnO exhibits the best photo-
catalytic performance in phenol degradation; a total mineralization
of the contaminant is achieved under visible light irradiation. The
behavior may  be understood as a result of several simultaneous
individualities: a morphology associated with a beneficial combi-
nation of defects for band narrowing, a high surface area, and a
high total pore volume. This environmentally friendly and facile
synthetic route has great potential to extend to other metal oxide
synthesis with spherical porous microstructure.
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