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Introduction

Biomineralization is the process by which nature produces
biominerals with exquisite nanostructures under inherently
benign conditions of low temperature, ambient pressure and
near-neutral pH. It is of immense interest for materials sci-
entists to learn how to create and control such nanostruc-
tures that resemble the naturally existing biominerals. The
recent discovery of silaffin peptides, long-chain polyamines[1]

and the silicatein[2] molecules responsible for biomineraliza-
tion has resulted in initial headway in understanding the
processes. The biospecific interaction of these molecules
with inorganic materials has been the key to potential as-
sembly capabilities for generating new organized materials.
This bioinspired morphosynthesis has lately been emerging
as an important environmentally friendly “green” route to
generate inorganic materials with controlled morphologies
by using bioextracts or related molecules as structure-direct-
ing agents.[3] Herein, we report an extremely facile bioin-

spired method to synthesize ZnO nanostructures at room
temperature and neutral pH conditions by using polypep-
tides and polyamines as the additives.

ZnO, a versatile semiconductor with a wide, direct band
gap of 3.37 eV, has diversified industrial applications in the
fields of electronics, photoelectronics, sensors, catalysis and
photocatalysis.[4] The strong dependency of its property on
the structure and morphology, which includes the recent
demonstration of ultraviolet lasing from nanowires,[5] has
stimulated the search for new synthetic methodologies for
well-controlled ZnO nanostructures with interesting mor-
phologies.[6] Several reports on high-temperature physical or
chemical methods for syntheses have been published.[7]

However, wet-chemical approaches carried out under mild
conditions are attracting a growing interest. A few methods
for preparing ZnO at low temperatures have been reported,
but usually requiring strong alkali media.[8] Oliveira et al.
obtained an ellipsoidal morphology using ZnACHTUNGTRENNUNG(NO3)2 and
NaOH solution at room temperature under double-jet con-
ditions at pH 9.5.[9] Kisailus et al. developed a low-tempera-
ture vapour-diffusion-based method in which ammonia
vapour diffuses through the surface of a solution of a molec-
ular precursor to slowly catalyse the formation of zinc oxide
and vectorially regulate the growth of nanostructured thin
films.[10a] Zhang et al. reported the near-room-temperature
production of highly oriented and densely packed ZnO
nanoarrays by natural oxidation of zinc metal in a mixture
of formamide and water.[10b]

Proteins or biomolecules are rarely employed for mineral-
ization of ZnO because of their complexity and the demand
of extremely mild experimental conditions necessary to pre-
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serve their physical and chemical properties.[11] Instead,
many researchers have used synthetic polymers as substi-
tutes to prepare ZnO nanostructures with different shapes,
sizes and crystal phases.[12] The polymers are generally se-
lected to have negatively charged moieties that preferably
interact with Zn2+ ions. The electrostatic interaction induces
a directional growth of the formed structure. For example,
single-crystalline hexagonal discs and rings of ZnO morphol-
ogies resulted when using an anionic surfactant, sodium
bis(2-ethylhexyl) sulfosuccinate, to preferentially interact
with the Zn2+ (0001) surface of ZnO.[13] Bauermann et al.
reported the synthesis of ZnO hexagonal plates using gelatin
as the organic matrix, in which the suggested mechanism in-
volved an electrostatic interaction between the positively
charged Zn2+–water complex and the negatively charged
carboxylic groups of the gelatin.[11a] To substantiate such
electrostatic interaction, WegnerIs group analysed the forces
between carboxylic-functionalized latex nanoparticles and
differently terminated zinc oxide surfaces by atomic force
microscopy.[14] The results convincingly demonstrated a pre-
ferred adhesion of the latex particles to zinc-terminated
ZnO (0001) faces compared with oxygen-terminated and
apolar faces. In a separate experiment as an alternative to
the negatively charged molecules, Umetsu et al. found a few
peptide sequences with basic (positively charged) and hy-
drophobic residues to exhibit stronger binding for ZnO.[11b]

However, these peptides did not catalyse the ZnO minerali-
zation. The peptide was then modified by conjugating with a
glycine linker that had a cysteine residue to catalyse ZnO
formation from Zn(OH)2. Herein, we report that positively
charged, simple polypeptides and related polyamines can di-
rectly catalyse ZnO formation in a wet-chemical method
under “green” conditions. Interestingly, the polyamines not
only act as mineralizing agents for ZnO nanoparticles, but
also self-assemble the nanoparticles to form spindle- and
rodlike morphologies under these ambient conditions.

Results and Discussion

Mineralization : Representative TEM images of the as-syn-
thesized samples obtained from the hydroxide precursor
using polyamine (poly(allylamine hydrochloride) (PAH),
70 kDa, 2 mgmL�1) and polypeptide (poly(l-lysine hydro-
bromide) (PLL), 150 kDa, 2 mgmL�1) as mineralizers under
mild conditions (RT and pH�7.3) are shown in Figure 1. Ir-
respective of the type of polyamine, predominantly spindle-
shaped particles were observed. The particles are of similar
sizes with 300–500 nm width and 700–1500 nm length. A few
particulates of smaller sizes (10–20 nm) were also observed.
The XRD patterns of the corresponding as-synthesized sam-
ples obtained with PAH and PLL are shown in Figure 1b
and d, respectively. In both cases, the XRD peaks are in-
dexed to the typical wurtzite hexagonal phase of ZnO
(JCPDS card No. 36–1451) with lattice constants of a=3.259
and c=5.196 M. The absence of any other peaks, due to
either the precursor or any impurities, indicates that phase-

pure ZnO is produced under these extremely mild synthesis
conditions. The atomic absorption spectroscopic (AAS)
analysis of the supernatant showed an 85% yield for ZnO
conversion from the hydroxide precursor. The remaining
amount of zinc present in the supernatant suggests that
ZnO formation may involve solubilization of the solid hy-
droxide precursor into the solution.

As seen from the XRD patterns of the samples obtained
after various reaction times (Figure 1c and Table 1), the for-
mation of ZnO from the precursor starts at the very begin-
ning (2 h) of the reaction although some amount of precur-
sor still remains. Further increase in the reaction time con-
verted more of the precursor to ZnO. After 15 h of continu-
ous stirring, XRD peaks arising from the precursor disap-
peared with the emergence of a phase-pure ZnO structure.
The hydroxide precursor that had a flake-like morphology
converted into aggregates of spindle-like structure after in-
teraction with the polyamines (see Figures S1–S3 in the Sup-
porting Information). The crystallite size of ZnO estimated
from XRD by using the Debye–Scherrer formula is 11–
16 nm (Table 1). This value compares well with the sizes
(10–20 nm) of the smallest particulates seen along with the
spindle-shaped particles in the TEM images, thus indicating
that the spindle shapes are probably aggregates of many
smaller crystallites of nanometre size.

To study the role of polyamines, the reaction was carried
out in the absence and presence of different concentrations
of these species under similar reaction conditions. Without
the presence of polyamine, the precursor remained un-
changed even after 2 days of continuous stirring. So, the
presence of polyamine is crucial in the mineralization of
ZnO. The use of PAH with a lower molecular weight

Figure 1. a), c) TEM images of the materials synthesized from the precur-
sor and a) 70 kDa PAH or c) 150 kDa PLL at RT and pH 7.3 or 7.5, re-
spectively, for a reaction duration of 15 h. b), d) The corresponding XRD
patterns; b) also includes the XRD patterns of the precursor and the ma-
terials obtained with PAH (70 kDa) after 2 and 6 h of reaction.
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(15 kDa, 2 mgmL�1) as mineralizing agent under similar
conditions also resulted in ZnO formation (see Figure 2c
and Figure S4a in the Supporting Information). The mor-
phology of these particles is same as that seen with the
higher-molecular-weight PAH (70 kDa). The TEM image
also shows the presence of smaller particles of size 10–
20 nm in the near vicinity of the spindle-shaped particles
(see Figure S4a in the Supporting Information). The forma-
tion of ZnO with similar morphologies could also be ach-
ieved with a very low concentration of PAH (15 kDa,
0.8 mgmL�1; see Figure 2a and Figure S4b in the Supporting
Information), although the product contained a very small
amount of unreacted precursor (see Figure 2c). However, at
the higher concentration of PAH (2.0 mgmL�1) pure ZnO
phase was obtained. We found this polyamine-mediated
ZnO mineralization to be broadly applicable, as the use of
other polyamines with different molecular weights, such as
PLL (1–5 kDa) and PDADMAC (100–200 kDa), also pro-
duced ZnO under similar “green” conditions (Table 1).

Effect of pH : The effect of the pH on the formation and
morphology of ZnO was studied. The pH of the solution
was increased by adding an alkali solution (see Table 1). As
revealed by AAS analysis of the supernatant, with an in-
crease in the pH to 8.6 the product yield increased to 99%
after 15 h of reaction. The XRD of this solid product
showed peaks only due to ZnO, which indicated almost
complete conversion of the hydroxide precursor to ZnO
(Figure 2c). The increase in pH also made the conversion
faster, as pure ZnO phase was obtained after 2 h of reaction
(Table 1). Notably, only at a pH >10.9 was KOH without
polyamine sufficient to form phase-pure ZnO (Table 1 and
Figure S5 in the Supporting Information). The SEM and
TEM images of the ZnO formed with PAH (15 kDa) at
pH 8.6 show interesting differences in the sizes and mor-
phologies compared with those obtained under neutral con-

ditions (Figure 2a,b and Figure S4 in the Supporting Infor-
mation). Instead of spindle-like shapes, at pH 8.6 the
2 mgmL�1 PAH solution yielded entirely rod-shaped ZnO
particles. The rod-shaped particles are of width 300–500 nm
and length 800–1700 nm. Comparison of the shapes reveals
that the morphological changes are prominent along the lon-
gitudinal direction. At higher pH, more of the ZnO nano-
particles are probably accumulating on the pointed ends of
the spindles, thereby converting them into a rounded-end
rod-shaped morphology. So, the polyamines not only help in
the mineralization of ZnO, but also control the shapes of
the particles. Together, the presence of polyamine and the
pH of the solution are critical in the mineralization process.

The presence of polyamines in the thoroughly washed and
dried ZnO particles was monitored by FTIR and confocal
micro-Raman analyses. The confocal micro-Raman spectra
of the as-synthesized ZnO and PAH are shown in Figure 3a
and b and Figure S6 in the Supporting Information. The
Raman shift at 441 cm�1 is the nonpolar optical phonon E2H

mode, which corresponds to the band characteristic of the
wurtzite phase. The appearance of the longitudinal optical

Table 1. Various mineralizing agents used, synthesis conditions em-
ployed, the corresponding products and crystallite sizes of the ZnO ob-
tained.

Mineralizing
agent

c
[mgmL�1][a]

pH t
[h]

Product[b,c] Crystallite size
[nm][d]

PAH (70 kDa) 2.0 7.3 2 O*+H 11.0
PAH (70 kDa) 2.0 7.3 6 O*+H 11.0
PAH (70 kDa) 2.0 7.3 15 O 15.4
PAH (15 kDa) 2.0 7.1 15 O 11.0
PAH (15 kDa) 2.0 8.6 2 O 12.8
PAH (15 kDa) 2.0 8.6 15 O 12.9
PAH (15 kDa) 0.8 7.4 15 O*+H 12.8
PLL (150 kDa) 2.0 7.5 15 O 12.8
PLL (1–5 kDa) 2.0 7.3 15 O 19.2
PDADMAC 2.0 7.8 15 O 15.4
KOH 0.3 11.2 15 O 15.4
KOH 0.15 10.9 15 O*+H 12.4
KOH 0.01 8.2 15 O+H* –

[a] Concentration of the mineralizing agent. [b] “O” represents ZnO and
“H” represents Zn(OH)2. [c] “*” indicates percentage of the excess spe-
cies. [d] Crystallite size is determined from XRD peaks using the Scher-
rer formula. PDADMAC: poly(diallyldimethylammonium chloride).

Figure 2. a), b) SEM images of the materials obtained by reacting the
precursor with a) PAH (15 kDa, 0.8 mgmL�1) at RT and pH 7.4 (inset:
the corresponding TEM image), and b) PAH (15 kDa, 2.0 mgmL�1) at
RT and pH 8.6 for a reaction duration of 15 h (inset: the corresponding
TEM image). c) XRD patterns of materials synthesized from the precur-
sor and various concentrations of PAH (15 kDa) at RT for 15 h at differ-
ent pH values.
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(E1L) mode at 567 cm�1 is attributed to the formation of an
oxygen vacancy, or other defect states. Other Raman shifts
at 339 and 388 cm�1 can be assigned to 3E2H–E2L and A1T

modes, respectively.[15] The distinct band around 2923 cm�1

in both the FTIR (see Figure S7 in the Supporting Informa-
tion) and Raman spectra corresponds to the C–H stretching
frequency of the methylene groups of PAH. From the IR
and Raman spectra it is clear that polyamines are incorpo-
rated or trapped inside the structure during ZnO formation.
Even after several washings and centrifugation, the poly-
amines remained attached to the particles. Thermogravimet-
ric analysis (TGA) of the as-synthesized sample showed a
weight loss in the temperature range 200–600 8C, which cor-
responds to the decomposition of the polyamine. The calcu-
lated polyamine content was 16 wt.% of the sample. This
result indicates that the polyamines become attached to the
particles while catalysing the mineralization of ZnO.

To further locate the presence of polyamines in the ZnO
structure, fluorescein isothiocyanate (FITC)-tagged PLL was
used to prepare ZnO and confocal microscopic analysis was
carried out. From the confocal and bright-field images in
Figure 4, it is clear that the PLL-FITC molecules are trap-
ped inside the ZnO matrix. The confocal image of the parti-
cles appears as a bright green circle in the top view and as
elongated particles in the side view. The presence of poly-
amine suggests that it may impart functionality to the ZnO
nanoparticles that directs the self-assembly process and
leads to the observed morphological changes.

Mechanism : Recently, there has been much effort in trying
to understand the function of proteins and other biomole-
cules in biomineralization.[1,2, 16] Many in vitro studies have
demonstrated the importance of proteins and peptides in
controlling the nucleation and/or growth of crystals.[17] Bio-
minerals are usually formed at the surface of organic matri-

ces.[18] These interactions between inorganic species and or-
ganic matrices affect not only the particle size and habit of
nucleating crystals, but also the stability of intermediate
phases by dropping the activation energy required for the
formation of specific crystal faces.[19] The organic templates
nucleate the mineral by controlling its crystallographic ori-
entation and growth, by imitating the lattice of a two-dimen-
sional face, or by the stereochemistry of the functional
groups at the interface.[20] Recent studies suggest that an epi-
taxial or geometrical match between macromolecules and
crystalline faces is not essential. Instead, the charge density
on the crystalline faces, and thus the electrostatic attraction,
is alone sufficient for heterogeneous nucleation.[21] Further,
the surface-stabilized nanoparticles, as nanoscale building
blocks, can spontaneously assemble into various morpholog-
ically controlled or highly ordered nanostructures.[22] We
propose here a similar mechanism of formation and assem-
bly of ZnO nanoparticles. The formation mechanism is
shown schematically in Figure 5. The initially precipitated
precursor particles have a flake-like morphology; after addi-
tion of polyamines at different pH values, the particles un-
dergo morphological changes to produce ZnO nanostruc-
tures.

At the pH of �7.3 used in our experiments, the amine
groups of the polyamine (pKa�9–11) are positively charged.
Therefore, the nucleation mechanism may involve an elec-
trostatic attraction between the positively charged NH3

+

groups of polyamine and the surface oxygen atoms of Zn-
OH groups. Under the reactions conditions employed, the
polyamine chains are dispersed mainly as random coils,
which when adsorbed on to a surface can undergo coil-to-

Figure 3. Confocal micro-Raman spectra of ZnO prepared from the pre-
cursor and PAH (15 kDa, 2.0 mgmL�1) at RT and pH 8.6 in the spectral
ranges a) 150–800 and b) 750–3100 cm�1; b) also shows the spectrum
from PAH for comparison.

Figure 4. a) Bright-field and b) confocal images of ZnO spindles prepared
with PLL-FITC (150 kDa, 2 mgmL�1) at RT and pH 7.5. c), d) Confocal
images showing top and side views, respectively.
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globule transitions.[23] Such adsorption of polyamines leads
to accumulation of many NH3

+ groups at a confined space
on the inorganic surface (Figure 5). This may initiate the de-
hydration of hydroxides to form ZnO, similar to the case of
polyamine-induced silica condensation in biosilicification
processes taking place under ambient pH conditions. But at
pH�7, in addition to ammonium groups there are about
10% of deprotonated basic amine groups in PAH, which
can also catalyse the hydroxide condensation. Amine-based
small molecules are known to mineralize ZnO, though gen-
erally under alkaline conditions.[7d,8b] To find out the role of
ammonium groups, PDADMAC was used as the polycation,
which has permanent tertiary ammonium groups. Under
similar conditions, the PDADMAC could also mineralize
ZnO from the hydroxide precursors (Table 1 and Figure S8
in the Supporting Information). Hence, it is inferred that in
our case the ammonium groups of the polyamine are mainly
responsible for the mineralization process.

The importance of electrostatic interaction between the
precursor and polyamine was verified at an increased ionic
strength of the solution by adding KNO3 to suppress the in-
teraction by forming an electrical double layer. In the pres-
ence of 0.2m KNO3, the polyamines did not yield any ZnO
from the hydroxide precursor at neutral and higher pH
values (7.0–11.0). This finding suggests that electrostatic in-
teraction is essential for ZnO mineralization. In addition, it
also explains the fact that the use of Zn ACHTUNGTRENNUNG(NO3)2 instead of
Zn(OH)2 as precursor was not successful in preparing ZnO.
The ZnO (wurtzite) structure has several polar faces, which
can bind with charged species on their surface. The polar
basal face (0001), often called the zinc-terminated face, is
composed of zinc atoms, whereas the (0001̄) face, referred
to as the oxygen-terminated face, is occupied by oxygen

atoms. So, the polyamines are expected to preferentially in-
teract with the (0001̄) face, which may also be the cause of
the amine-containing peptides exhibiting stronger binding
for ZnO.[11b]

The surface-specific interaction of PAH molecules with
ZnO would lead to a directional orientation of the assem-
bled structure, in which the formed ZnO nanoparticles will
have a tendency to assemble onto the PAH molecules pref-
erentially sitting on ZnO (0001̄) planes. This would generate
a one-dimensional anisotropic growth along the [0001̄] direc-
tion resulting in spindles and rods. Consequently, the poly-
amine molecules would become entrapped in the ZnO struc-
ture, thus resulting in a porous structure. To confirm this
proposal, high-resolution TEM (HRTEM) analysis was car-
ried out. The HRTEM images in Figure 6 show that the

ZnO spindles are aggregates of many nanosized particles
and have a porous structure. The assembled particulates are
of sizes 10–20 nm, which are comparable with the crystallite
size of ZnO estimated from XRD. The porosity of the ZnO
particles calcined at 550 8C was evaluated by N2 physisorp-
tion studies. It revealed a specific surface area of 53.0 m2g�1

and a total pore volume of 0.3954 cm3g�1 with pore sizes of
2–30 nm (see Figure S9 in the Supporting Information).

Optical properties : The optical properties of the as-synthe-
sized ZnO particles were studied. The band gap of the ZnO
powder was evaluated by ultraviolet diffuse reflectance
spectroscopy (UV-DRS; Figure 7a,b). The excitonic absorp-
tion peak centred at 379 nm corresponds to a band gap of
3.27 eV. The photoluminescence (PL) spectra of ZnO were
measured with an excitation wavelength of 325 nm at room
temperature to examine the quality of the product. Fig-
ure 7c and d show the PL spectra for the samples prepared
with PAH with molecular weights of 70 and 15 KDa at
pH 7.3 and 8.6, respectively, and commercially available
ZnO. All the samples exhibit a strong UV emission peak at
384 nm, which corresponds to the near-band-edge emission
of ZnO due to annihilation of excitons. In contrast to the
commercial sample, the synthesized ZnO samples showed a
relatively broad green-light emission at �538 nm. Although
this emission has been reported many times, the nature of

Figure 5. Schematic illustration of the ZnO morphological changes occur-
ring on addition of the polyamine and zinc hydroxide precursor under
different reaction conditions. The enlarged view (top) represents the
polyamine chains adsorbed on the precursor surface and (bottom) the as-
sembly of nanoparticles by the polyamine chains.

Figure 6. a,b) HRTEM images with different magnifications of ZnO spin-
dles prepared with PAH (15 kDa, 0.8 mgmL�1) at RT, pH 7.4 and a reac-
tion duration of 15 h.
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the defect is still a matter of discussion, the oxygen vacan-
cies being the most likely candidate.[24] The green emission
is a result of the radiative recombination of a photogenerat-
ed hole with an electron occupying these oxygen vacancies.
This peak is comparatively more intense in the case of the
sample prepared at neutral pH. It was reported that oxygen
vacancies responsible for green emission are located at sur-
faces, and a higher surface area-to-volume ratio together
with a rougher surface favour surface oxygen vacancies.[24b]

Moreover, the full-width-at-half-maximum of the UV emis-
sion in the PL spectrum is related to crystal quality, and the
broadening of the PL line width relative to that of bulk
ZnO is sometimes attributed to homogeneously distributed
surface impurities or the presence of dopants, which in our
case may be due to the presence of polyamines or surface
defects.[25] Thus, it is inferred that the polyamine-mediated
ZnO mineralization can alter the electronic structure of the
nanoparticle surface, and thus can regulate the surface mor-
phology as well as the optical quality of ZnO nanostructures
under different synthesis conditions.

Conclusion

We have demonstrated a versatile method of synthesizing
ZnO nanoparticles that subsequently assemble into spindle-
or rod-shaped structures. These observed morphological
transformations open up the possibility of controlling the
shape and size of the assembled particles by changing the
types of polyamines and polypeptides or their conforma-

tions. Importantly, the “green” conditions (RT and neutral
pH) employed for synthesizing ZnO spindles may lead to
potential application of the method. In particular, the tech-
nique will be useful for patterning and synthesizing ZnO in
or on a substrate without causing any damage to the sub-
strate or species already present on the substrate (see Fig-
ure S10 in the Supporting Information). The prominent
green emission, which is a signature of oxygen deficiency
and the intensity of which can be controlled, may result in a
better sensor and catalytic activity.

Experimental Section

Materials : Zinc nitrate hexahydrate (Zn ACHTUNGTRENNUNG(NO3)2·6H2O) and potassium hy-
droxide (KOH) were obtained from SD Fine Chemicals, India. PAH (15
and 70 kDa), PLL (150 and 1–5 kDa), FITC-tagged PLL (30–70 kDa),
PDADMAC (100–200 kDa) and ZnO were procured from Sigma–Al-
drich and used as received. All the solutions were prepared with deion-
ized water.

Synthesis : Freshly prepared zinc hydroxide was used as the precursor in
the synthesis of ZnO. The precursor was prepared by mixing equal vol-
umes of 0.1m Zn ACHTUNGTRENNUNG(NO3)2·6H2O and 0.2m KOH in an ice bath (�4 8C).
The produced white precipitate was immediately centrifuged and washed
four or five times with distilled water. XRD of the white precipitate
showed peaks due to Zn(OH)2 (JCPDS: 20–1435; Figure 1b). AAS anal-
ysis of the supernatant showed a 95% conversion of Zn ACHTUNGTRENNUNG(NO3)2 to the hy-
droxide precursor. The washed precipitate was re-dispersed in distilled
water to give a zinc hydroxide precursor concentration of 0.1m for fur-
ther use (pH 7.6). In a typical synthesis of ZnO, the as-prepared precur-
sor (5 mL) was mixed with PAH (70 kDa) solution. The final concentra-
tion of PAH was 2 mgmL�1 and the pH was 7.3. The solution was stirred
at room temperature (25–27 8C) for various times ranging from 2 to 15 h.
The pH of the solution slightly decreased to 7.1 after the reaction. The
obtained products were collected by centrifugation followed by washing
with distilled water and acetone and then drying at room temperature.
Other polyamines and polypeptides were similarly used under various
conditions as described in Table 1. Wherever needed, the reaction was
carried out under varied pH conditions by adding the required amount
(5–400 mL) of 0.2m KOH solution.

Characterization : Powder XRD patterns were recorded on a Siemens
(Cheshire, UK) D5000 X-ray diffractometer by means of CuKa (l=

1.5406 M) radiation at 40 kV and 30 mA with a standard monochromator
equipped with a Ni filter. The powder XRD patterns were used to identi-
fy the crystalline phases of the precipitated powder and to estimate the
crystallite size using the Debye–Scherrer formula [L ACHTUNGTRENNUNG(hkl)=0.9l/
D ACHTUNGTRENNUNG(hkl)cosq], where l is the X-ray wavelength, q is the Bragg angle and D

is the full width of the diffraction line (hkl) at half maximum intensity. A
transmission electron microscope (Philips Technai G2 FE1 F12, operating
at 80–100 kV) was used to investigate the morphology and size of the
particles. The samples for TEM were prepared by dispersing the material
in ethanol by ultrasonication and drop-drying onto a formvar-coated
copper grid. HRTEM was carried out on a JEOL TEM 2010 microscope
operating at 200 kV. SEM analyses were performed by using a Hitachi S-
3000N scanning electron microscope operated at 10 kV. Optical imaging
was carried out in a confocal microscope (Zeiss LSM Meta) and the data
were analysed with a laser scanning microscope (LSM) image examiner.
FTIR spectra were recorded at 4000–400 cm�1 on a Nicolet Nexus 670
spectrometer equipped with a DTGS KBr detector.

Confocal micro-Raman spectra were recorded by using a Horiba Jobin-
Yvon LabRam HR spectrometer with a 17 mW internal He–Ne laser
source of excitation wavelength 632.8 nm. UV-DRS analysis was carried
out on a GBC UV/Vis Cintra 10/20/40 spectrometer with KBr-diluted
pellets of solid samples and pure KBr as the reference. The room-temper-
ature PL spectra were obtained by means of a Jobin-Yvon Fluorolog-3

Figure 7. UV/Vis absorption spectra for ZnO prepared from the precur-
sor and a) PAH (70 kDa) at pH 7.3 or b) PAH (15 kDa) at pH 8.6. The
tangent used for band-gap calculation is also shown. c) PL spectra of the
ZnO obtained with PAH (70 kDa, *) and PAH (15 kDa, &) at pH 7.3
and 8.6, respectively. d) PL spectrum of the ZnO available commercially
from Sigma–Aldrich.
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spectrofluorometer and the 325 nm excitation line of a xenon lamp
(450 W). The samples for PL studies were prepared by dispersing small
amounts of ZnO powder in ethanol by ultrasonication. All of these sam-
ples were maintained at the same concentration. Elemental analysis was
carried out by AAS with a Perkin–Elmer AAnalyst 300 spectrometer
and TGA was performed with a Mettler Toledo STARe TG analyser in a
N2 atmosphere, with a heating rate of 10 8Cmin�1 from 25 to 1000 8C. N2

physisorption measurements were recorded with a Quantachrome Auto-
sorb automated gas sorption system. The sample was calcined at 550 8C
for 4 h at the rate of 2 8Cmin�1 prior to surface area analysis.
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