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g r a p h i c a l a b s t r a c t
� Aqueous precipitation products of
Zn(NO3)2 and NaOH were prepared.

� Synthesis route and lysozyme addi-
tion affected morphology of the
products.

� ε-Zn(OH)2, b-Zn(OH)2, and ZnO crys-
tal structures were observed.

� Lysozyme-ZnO/Zn(OH)2 composites
with ~5e20% lysozyme content were
obtained.
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a b s t r a c t

Aqueous precipitation products of Zn(NO3)2 and NaOH obtained by changing the method of combining
the reactants and by using lysozyme as an additive were investigated. In the case of single addition
method, octahedral ε-Zn(OH)2 and plate-like b-Zn(OH)2 structures formed in the absence and in the
presence of lysozyme, respectively. Calcination of these Zn(OH)2 samples at 700 �C yielded porous ZnO
structures by conserving the template crystals. When zinc source was added dropwise into NaOH so-
lution, predominantly clover-like ZnO crystals were obtained independent of lysozyme addition. Mixed
spherical and elongated ZnO morphology was observed when NaOH was added dropwise into Zn(NO3)2
solution containing lysozyme. Lysozyme contents of the precipitation products were estimated as in the
range of ~5e20% and FTIR indicated no significant conformational change of lysozyme in the composite.
These results suggest that lysozyme-ZnO/Zn(OH)2 composite materials may have a value as an anti-
bacterial material.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

ZnO is a IIb-VI semiconductor with hexagonal wurtzite type
crystal structure and currently in use as a filler/additive in rubber,
concrete, and cosmetic industries and as a varistor ceramic in
electronic industry. It has a band gap of 3.37 eV at room
temperature that offers such optoelectronic applications as light-
emitting diodes, laser diodes and photodetectors [1e4]. Addition-
ally, ZnO has a great potential as an electron transport material in
solar cells, a gas sensor, and an antibacterial material [4e8]. The
size and the structure of ZnO have strong effect on its physical and
chemical properties and hence, its end-use [9]. For example,
compared to the rod-shaped particles, hexagonal plate-like ZnO
structures exhibited more than fivefold increase in the photo-
catalytic activity for the degradation of methylene blue [10]. Simi-
larly, ZnO structures with short nanorod morphology showed
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higher antibacterial activity than long nanorod and nanoplate
morphologies [8].

Aqueous precipitation is a widely employed method in the
synthesis of ZnO with different morphologies by simply changing
precipitation conditions such as the nature and concentration of
zinc source and precipitating agent, pH, temperature, and aging
time. Recently, the method of combining the reactants has also
been reported to change the morphology [11,12]. For the aqueous
precipitation method, different forms of zinc hydroxides, zinc oxide
or a mixture of both can be observed depending on the precipita-
tion protocol. Therefore, obtention of the desired precipitation
product with desired morphology is perhaps the only challenge of
this simple method. The use of additives in aqueous precipitation
method as a catalyst and a morphology directing agent has also
been successful for providing structural control of the precipitate. A
number of additives such as surfactants, and synthetic polymers
have been employed to obtain a variety of morphologies including
spherical, elongated, hexagonal prismatic, rod-like, ring-like, disk-
like and sheet-like structures with different dimensions at mild
conditions [13e18]. However, macromolecules from biological
origin as additives have not been investigated as much as their
synthetic counterparts though their promising activities were re-
ported. One of these macromolecules, dextran, directed the for-
mation of flower-like ZnO structures [19]. Likewise, a positively
charged polypeptide, poly-L-lysine, was reported to catalyze ZnO
formation at room temperature [20].

Lysozyme is an antibacterial enzyme that can hydrolyze the
peptidoglycans in the cell wall of gram-positive bacteria. It was
used as a precipitating agent in the synthesis of silica and titania
and demonstrated to retain its biological activity in the nano-
composites formed [21]. In this study, it was aimed to test the
possibility of preparation of lysozyme containing Zn(OH)2 or ZnO
composites via simple aqueous precipitation route. Precipitation
conditions were changed systematically to obtain composites with
different chemistry and morphology. The role of lysozyme was
deduced by comparing the structures and the morphologies in the
presence and absence of lysozyme. Additionally, all the precipitates
were calcined to obtain the samples with further changed
morphologies.

2. Materials and methods

2.1. Materials

In the synthesis of the samples, zinc nitrate hexahydrate,
Zn(NO3)2.6H2O (Riedel de Haen, >98%), NaOH (SigmaeAldrich,
98e100.5%), and lysozyme from chicken egg white (Fluka,
~70,000 U/mg) were used without purification. All the solutions
were prepared and washing steps were carried out using deionized
water. Potassium bromide, KBr, (SigmaeAldrich, �99%, FTIR grade)
was used in the preparation of pellets for Fourier transform infrared
(FTIR) spectroscopy experiments.

2.2. Methods

In a typical experiment, stock solutions of 0.1 M
Zn(NO3)2.6H2O, 0.1 M Zn(NO3)2.6H2O containing 4 mg/ml lyso-
zyme, 0.2 M NaOH, and 0.2 M NaOH containing 4 mg/ml lysozyme
were freshly prepared and equal volumes of stagnant solutions
(the second column of Table 1) and added solutions (the third
column of Table 1) were mixed according to the routes given in
Table 1. It is noteworthy to state that the stock solutions were
prepared at the stoichiometric ratio of Zn2þ and OH�. The ex-
periments were carried out using a total solution volume of
240 ml. Two different addition procedures were followed: single
addition and dropwise addition methods. For the single addition
method 120 ml of each solution listed in the last column of Table 1
was poured all onto 120 ml of the relevant stagnant solution at
once. In the dropwise addition procedure, on the other hand, the
stock solutions were added drop by drop onto the corresponding
solutions. The samples were denoted using CX-Y or RX-Y notation
in which:

� C corresponds to the samples prepared without lysozyme
(control samples) and R denotes the samples synthesized with
the aid of lysozyme,

� X is the route number used to distinguish stagnant and added
solutions and,

� Y represents the type of addition: SA ¼ single addition or
DW ¼ dropwise addition.

After combining the reactants, the solutions were stirred
continuously at room temperature for overnight. Next, the solu-
tions were centrifuged to get the precipitates. The precipitates were
washed with deionized water several times and dried using a
vacuum oven at 40 �C for two days. Finally, some portion of the
samples was calcined at 700 �C for 2 h.

2.3. Characterization

Powder X-ray diffraction (XRD) patterns of the samples were
obtained using a Philips Xpert-Pro (Panalytical, Almelo,
Netherlands) model diffractometer with an incident CuKa radiation
at 1.54 Å. Crystal phases in the samples were identified qualitatively
by using PDF-2 database provided by the International Centre for
Diffraction Data (ICDD). The Bragg angle (2q) was ranged between 5
and 80�. FTIR spectra were recorded using an Excalibur FTS 3000
(Digilab, Randolph, MA) model spectrophotometer by employing
KBr disk technique. The spectra were taken between 400 and
4000 cm�1 range with 2 cm�1 resolution. Morphology of the
samples was observed using an FEI Quanta 250 FEG (FEI Company,
Hillsboro, OR) model scanning electron microscopy (SEM) system.
Thermal gravimetric analyses (TGA) of the samples were carried
out by employing a Diamond TG-DTA (Perkin Elmer, Waltham, MA)
type instrument. Brunauer, Emmett and Teller (BET) surface area
values of the samples were determined using physisorption data of
nitrogen at 77 K. Physisorption measurements were performed on
an ASAP 2010 (Micromeritics, Norcross, GA) model static volu-
metric adsorption instrument.

3. Results and discussion

In order to investigate the effect of the addition of lysozyme and
the preparation route on the structure and morphology of the
precipitation products, the samples given in Table 1 were synthe-
sized. In addition to changing the addition order of the reactants,
the rate of combining of the reactants was also investigated by
preparing the samples using both single addition and dropwise
addition method.

The first group of samples was synthesized by adding NaOH
solution into stagnant Zn(NO3)2 solution. XRD patterns, and SEM
pictures of these samples are given in Fig. 1 and Fig. 2aec,
respectively. Conversely, in the synthesis of the second group
of samples, Zn(NO3)2 solution was added into stagnant NaOH
solution. SEM pictures and XRD patterns of the second group of
as-synthesized samples are given in Fig. 2def and Fig. 3,
respectively. Additionally, lower magnification SEM pictures for
the as-synthesized samples are provided in Fig. S1. Crystal
structures and morphologies of all the samples are summarized
in Table 2.



Table 1
Preparation routes of the samples.

Route Stagnant solution Added solution

C1 0.1 M Zn(NO3)2 0.2 M NaOH
R1 0.1 M Zn(NO3)2 þ 4 mg/ml Lysozyme 0.2 M NaOH
R2 0.1 M Zn(NO3)2 0.2 M NaOH þ 4 mg/ml Lysozyme
C2 0.2 M NaOH 0.1 M Zn(NO3)2
R3 0.2 M NaOH þ 4 mg/ml Lysozyme 0.1 M Zn(NO3)2
R4 0.2 M NaOH 0.1 M Zn(NO3)2 þ 4 mg/ml Lysozyme
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XRD peaks at around 2q values of mainly 20.1, 20.8, 27.1, 27.7,
32.8, 34.8, 36.5 39.4, 40.7, 42.0, 42.6, 52.4, 56.0, 57.9, 59.4, and 60.3�

were obtained for the samples from the first group prepared in the
absence of lysozyme independent of addition rate, C1-SA and C1-
DW (Fig. 1). This pattern matches very well to the XRD peaks of
ε-Zn(OH)2 sample described by PDF card number of 76e1778 with
some differences in the normalized intensity values (Fig. S2). In the
SEM pictures of these samples, characteristic octahedral ε-Zn(OH)2
crystal morphology ranging from a few to several mmwas observed
(Fig. 2aei and a-ii) [22]. Of the samples from the second group, this
kind of crystal structure was only obtained for the sample prepared
in the absence of lysozyme and by single addition protocol (C2-SA).

In aqueous medium, different species form as a function of pH.
Yamabi and Imai (2002) observed that ZnO mainly formed at pH
values between 9 and 13 whereas Zn(OH)2 predominated at pH
6.0e9.0 [23]. After mixing the reactants the solution pH values
were measured to be less than ~8.5 for the samples C1-SA, C1-DW,
and C2-SA consistent with the study of Yamabi and Imai (2002).
Similarly, ε-Zn(OH)2 crystal structure with octahedral morphology
was also obtained by dropping 2 M ammonia solution into 1 M
zinc acetate solution at 40e50 �C and pH 8. Different from the
current study, ε-Zn(OH)2 phase could only be observed at such a
high concentration due to the ability of ammonia to dissolve
ε-Zn(OH)2 [22].
Fig. 1. Comparison of XRD patterns of as-synthesized first group of samples (a) C1-SA, (b) R1
addition). ε ¼ ε-Zn(OH)2 with PDF card no: 76-1778; b ¼ b-Zn(OH)2 with PDF card no: 20-
When Zn(NO3)2 solution was added into NaOH solution
dropwise, on the other hand, a completely different morphology
was obtained. As given in Fig. 2d-ii, e-ii, and f-ii, predominantly
micron size clover like structures formed by the association of
nanorods were observed for this group of samples independent
of the presence of lysozyme (C2-DW, R3-DW and R4-DW).
Though some additional peaks were also identified, these sam-
ples had common peaks around 2q values of 31.6, 34.2, 36.1, 47.5,
56.4, 62.6, 67.7, and 69.0� in their XRD patterns (Fig. 3def)
indicating wurtzite type ZnO structure given by the PDF card
number of 80-0074. pH values were obtained to be higher than
11 in the early stage of the precipitation of C2-DW as expected.
Based on these observations, it can be revealed that one of the
accelerators of ZnO formation is the presence of excess NaOH (or
alkaline conditions) during precipitation. It is not surprising that
an alkaline environment catalyzes the formation of ZnO based on
the previous studies [12,23e26]. For example, flake-like ZnO
structures which seem growing over a common nucleus were
reported when equal volume of 4 M NaOH and 0.2 M zinc nitrate
were reacted at 60 �C [26]. In another study, ZnO crystals with
round and sheet like morphology depending on OH�1:Zn2þ ratio
were obtained at room temperature when OH�1:Zn2þ ratio was
2.5:1 or higher [12].

In addition to the clover-like ZnO structures, small amount of
-SA, (c) R2-SA, (d) C1-DW, (e) R1-DW, (f) R2-DW (SA ¼ single addition, DW ¼ dropwise
1435; w ¼ wurtzite type ZnO with PDF card no: 80-0074.



Fig. 2. Comparison of SEM pictures of as-synthesized samples (a) C1, (b) R1, (c) R2, (d) C2, (e) R3, (f) R4. The samples prepared by single addition and dropwise addition are given in
(i) and (ii) respectively. (Scale bars: a-i, d-i ¼ 5 mm, a-ii, c-i ¼ 3 mm, c-ii, e-ii, f-ii ¼ 2 mm and b-i, b-ii, d-ii, e-i, f-i ¼ 1 mm).
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plate-like (for R3-DW) and octahedral (for C2-DW and R4-DW)
morphologies were also observed. Indeed, plate-like morphology is
apparent for the samples prepared using lysozyme in the case of
single addition method (R1-SA, R2-SA, R3-SA, R4-SA) as given in
Fig. 2. The sample R3-SA presented major peaks at 2q values about
15.4, 15.8, 26.0, 27.0, 27.8, 29.6, 30.9, 31.8, 34.2, 36.0, 36.3, 37.0, 38.4,
39.1, 42, 47.1 48.5 and 49.3� in its XRD pattern. The peak positions
observed for this sample resemble to those of b-Zn(OH)2 crystal
structure with a PDF card number of 20-1435 (Fig. S3). For the
samples R1-SA, R2-SA and R4-SA, the peaks around 15.4, 15.8, 26.0,
27.0 and 29.6� were observed but the intensity of the rest of the
peaks corresponding to b-Zn(OH)2 structure did not appear as high
as in the XRD pattern of R3-SA. This kind of Zn(OH)2 morphology
was mostly observed for layered zinc hydroxides intercalated with
organic materials and water molecules. In the layered zinc hy-
droxides, the layers are positively charged and anions such as sul-
fate, dodecyl sulfate and nitrate are accommodated within the
layers to balance the charge [17,27e30]. There are only a few re-
ports in the literature concerning b-Zn(OH)2 samples with different
XRD patterns. One type of layered Zn(OH)2 was obtained at high
temperature and pressure using an a-Zn(OH)2 precursor having
layers containing Zn2þ ions [31]. CdI2-type Zn(OH)2 structure with
similar lattice parameters was synthesized at mild conditions by
mixing zinc nitrate solution and aminoethanol solution followed by
aging. The presence of Zn2þ ions in this structure was confirmed by
dye adsorption experiments [32]. Another type of b-Zn(OH)2 crystal
structure with lattice parameters of a ¼ 13.17 Å, b ¼ 6.42 Å, and
c¼ 24.1Å [33] described in PDF card number of 20-1435 has similar
XRD pattern as the b-Zn(OH)2 crystal structure obtained in the
current study. However, more detailed information about this kind
of crystal structure is required to comment on the role of lysozyme
in the formation of these plate-like structures obtained.

Likewise the second group of samples, dropwise addition in the
presence of lysozyme has morphogenic effects for the first group of
samples. A mixture of nanosized spherical (65 ± 15 nm) and
elongated (rice-like, max. width ¼ 95 ± 20 nm,
length ¼ 190 ± 20 nm) ZnO structures was obtained in the SEM
picture of R1-DW (Fig. 2b-ii). XRD pattern of this sample matches
well to that of the ZnO structure with a PDF card number of 80-
0074 with no other detectable crystal phase (Fig. S4). For the other
sample, R2-DW, rice-like ZnO structures with a length of a few
hundred nanometers along with plate-like b-Zn(OH)2 morphology
were observed (Figs. 1f, 2c-ii). Comparison with the same kind of
samples obtained by single addition procedure (with only b-
Zn(OH)2 phase) and small scale experiments at 40 ml total solution
volume (having b-Zn(OH)2 or mixed b-Zn(OH)2 and ZnO structure)
suggests that the use of a large excess of one reactant to the other
by allowing a certain exposure time may be inferred to be another
ZnO formation accelerator [34].

X-ray crystallography data of bacteriophage T7 lysozyme



Fig. 3. Comparison of XRD patterns of as-synthesized second group of samples (a) C2-SA, (b) R3-SA, (c) R4-SA, (d) C2-DW, (e) R3-DW, (f) R4-DW (SA ¼ single addition,
DW ¼ dropwise addition). ε ¼ ε-Zn(OH)2 with PDF card no: 76-1778; b ¼ b-Zn(OH)2 with PDF card no: 20-1435; w ¼ wurtzite type ZnO with PDF card no: 80-0074.
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showed that Zn2þ preferentially binds to histidine and cysteine
species. In that study, it was also shown that egg-white lysozyme
was able to act as a ligand for zinc [35]. Therefore, the effect of
lysozyme seems to control the hydrolysis of Zn2þ species by
forming complexes with the cation similar to the action of the other
ligands such as ethylenediamine and triethanolamine [34,36].
Considering ZnO crystal phase was observed for the samples pre-
pared by dropwise addition method only, it is revealed that the
presence of lysozyme is not the sole requirement for ZnO forma-
tion. Comparison of pH profile of the samples R1-DW and R1-SA
indicated the same correlation between pH and crystal structure
as observed for the samples prepared in the absence of lysozyme.
R1-DW presented basic pH (between 9.5 and 10.2) after complete
addition of NaOH for ca. 30 min and pH of the solution started to
decrease monotonously in the later stage of the precipitation re-
action. However, pH values of R1-SA were obtained to be lower
than 8.4 during precipitation similar to the behavior of C1-SA. Thus,
different from the samples, R1-SA and C1-SA, the dropwise addi-
tion of OH� coupled with the further control of OH� concentration
Table 2
Comparison of the crystal structures and morphologies of as-synthesized samples.

Sample Stagnant solution Crystal structure by XRD

Single addition D

C1 Zn(NO3)2 ε-Zn(OH)2 ε-
R1 b-Zn(OH)2 Z

R2 b-Zn(OH)2 Z
b

C2 NaOH ε-Zn(OH)2 Z
ε-

R3 b-Zn(OH)2 Z
b

R4 b-Zn(OH)2 Z
ε-
by ionizable amino acids of lysozyme are likely resulted in favor of
ZnO formation for R1-DW. In the case of R2-DWwhere lysozyme in
NaOH solution is supplied dropwise into zinc source, the presence
of small amount of plate-like b-Zn(OH)2 phase indicated that a high
concentration of lysozyme should be present initially in order to
catalyze ZnO formation. The differences in the XRD patterns and
SEM pictures of the as-synthesized samples clearly showed addi-
tion of lysozyme, addition order and addition rate of the reactants
affected the chemical composition and crystal structure of the
precipitation products.

XRD patterns of the calcined samples are given in Fig. 4 and
Fig. S5. All of the samples gave similar peaks that correspond to ZnO
structure observed for R1-DW with no detectable Zn(OH)2 struc-
ture indicating thermal treatment led to ZnO formation as ex-
pected. SEM pictures of the calcined samples are given in Fig. 5 and
Fig. S6. After the calcination, the samples with plate-like and
octahedral morphology became porous composed mainly of
nanospheres (~50e200 nm) by preserving template crystal struc-
ture as a result of dehydration and subsequent ZnO formation.
Morphology by SEM

ropwise addition Single addition Dropwise addition

Zn(OH)2 Octahedral Octahedral
nO Plate-like Spherical (major)

rice-like
nO (major)
-Zn(OH)2

Plate-like Rice-like
plate-like

nO (major)
Zn(OH)2

Octahedral Clover-like (major)
octahedral

nO
-Zn(OH)2

Plate-like Clover-like
plate-like

nO (major)
Zn(OH)2

Plate-like Clover-like (major)
octahedral



Fig. 4. Comparison of XRD patterns of calcined first group of samples (a) C1-SA, (b) R1-SA, (c) R2-SA, (d) C1-DW, (e) R1-DW, (f) R2-DW (SA ¼ single addition, DW ¼ dropwise
addition). w ¼ wurtzite type ZnO with PDF card no: 80-0074.
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Porous octahedral morphology of ZnO composed of spherical
nanoparticles was also obtained upon heat treatment of ε-Zn(OH)2
synthesized using zinc acetate and ammonia precursors [22]. No
change in the size of nanosphere and rice-like structures was
observed in R1-DW upon heating. These interesting morphologies
may offer different application areas. For example, 3D inter-
connected ZnO nanoparticles obtained after the calcination of 2D
flake-like structures showed promising gas-sensing applications
[37,38]. Hence, calcined samples prepared with the aid of lysozyme
via single addition method with similar porous sheet-like
morphology may have a value in this field.

FTIR spectra of the samples were taken as a complementary
method to XRD analyses providing additional information about
the incorporation of lysozyme into the precipitation products and
its conformational change, if any, during the preparation process.
FTIR spectra obtained for as-synthesized first and second group of
samples and lysozyme are given in Fig. 6, Fig. 7 and Fig. 8, respec-
tively. FTIR spectra of the calcined samples are shown in Fig. 9 and
Fig. S7. In consistent with the XRD data, three of the control samples
prepared without lysozyme C1-SA, C2-SA and C1-DW gave iden-
tical spectra with major bands around 477, 717, 1029, 1086, and
3240 cm�1, which correspond to the bands observed for ε-Zn(OH)2
[39]. The band at 477 cm�1 is due to lattice ZneO vibrations, and
the two bands around 1029 and 1086 cm�1 describe asymmetric
stretching vibrations of ZneOeZn bridge oxygen in the ortho-
rhombic structure [39,40]. The band at 717 cm�1 can be related to
dOH groups. Additionally, hydroxyl group stretching of Zn(OH)2 and
physically adsorbed water appears as a broad band between 3000
and 4000 cm�1 centered around 3240 cm�1 [39]. No band around
1385 cm�1 was observed indicating the absence of nitrate ion [41].
Of the samples prepared in the absence of lysozyme, C2-DW pre-
sented a considerable decrease in the absorbance values of the
bands between 600 and 1200 cm�1 indicating its much lower
Zn(OH)2 content. Upon calcination, all the bands except the one
corresponding to lattice ZneO vibrations (observed around
~430e450 cm�1) disappeared confirming the formation of ZnO
structure [39,41].

In the FTIR spectrum of lysozyme in solid state, characteristic
amide bands as a result of peptide bondswere observed (Fig. 8). The
major bands are amide VI band, a broad band centered around
555 cm�1, amide II band at 1539 cm�1, amide I band at 1652 cm�1,
and amide A band around 3315 cm�1 [42]. FTIR spectra of the
samples synthesized using single addition procedure with the aid
of lysozyme at room temperature are similar to those observed for
the samples prepared without lysozyme having ε-Zn(OH)2 phase
only. However, additional bands that correspond to amide bands of
lysozyme were also observed. Although XRD patterns indicated
two different polymorphs, ε-Zn(OH)2 and b-Zn(OH)2, no significant
differences were observed in the FTIR spectra of the aforemen-
tioned samples. The only difference is relative intensities of the
three small bands between 600 and 1000 cm�1. FTIR spectra of the
rest of the samples prepared by dropwise addition and using
lysozyme followed the same correlation with the XRD patterns.
Lysozyme bands were also observed in the FTIR spectra of samples
synthesized via dropwise addition method with the aid of
lysozyme.

These results showed that some portion of lysozyme was
incorporated into Zn(OH)2/ZnO structure and hence the formation
of the organic-inorganic composite materials. The position of
amide I band was used to assess secondary structure of lysozyme in
the composites qualitatively [42,43]. Only a few cm�1 shifts were
observed in amide I band (within the range of 1654 ± 2 cm�1) for
the precipitation products indicating quite small degree of confor-
mational change of lysozyme upon its incorporation into the
inorganic phase. Similarly, amide I band was observed around
1650 cm�1 for both lysozyme and lysozyme immobilized silica
confirming conformational stability of lysozyme [44]. In another
study, when the mass ratio of lysozyme to zinc oxide nanoparticles
was 100:1, a small band observed at 1649 cm�1 for free lysozyme
associated with random-coil structures of lysozyme was reported



Fig. 5. Comparison of SEM pictures of calcined samples (a) C1, (b) R1, (c) R2, (d) C2, (e) R3, (f) R4. The samples prepared by single addition and dropwise addition are given in (i) and
(ii) respectively. (Scale bars: a-i, d-i, e-ii ¼ 2 mm and the others ¼ 1 mm).
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to disappear as a result of its binding to ZnO nanoparticles. Addi-
tionally, amide I band of free lysozyme centered at 1657.6 cm�1 was
observed to shift to 1656.8 cm�1 indicating small alterations in the
helical structure of lysozyme upon interaction with the nano-
particles [45]. FTIR spectra of the calcined samples prepared with
the aid of lysozyme, are similar to those of the calcined control
samples except very small contribution of OH stretching band in-
dependent of the addition rate. Disappearance of amide I and
amide II bands indicated almost complete degradation of lysozyme
during the heat treatment.

TGA of select samples were taken in order to further confirm the
ZnO formation and to estimate the amount of lysozyme incorpo-
rated in to the samples. TGA-DTGA curves of the lysozyme and as-
synthesized samples prepared by dropwise addition are given in
Fig. 10 and Fig. 11, respectively. % weight loss of the samples at
different temperature intervals are summarized in Table 3. Degra-
dation of the lysozyme can be revealed by the two endotherms
around 310 �C and 700 �C in the DTGA curve. TGA curve of the
lysozyme indicated almost complete degradation of lysozyme at
1000 �C (98% weight loss). In the DTGA curves of the samples, three
different kinds of endotherms were observed. The first one is
centered about 55e65 �C and corresponds to unbound water
apparent particularly for R2-DW and R3-DW. The second one was
observed between 125 �C and 145 �C mainly indicating the
decomposition of Zn(OH)2 into ZnO [12,46]. C1-DWwith ε-Zn(OH)2
crystal structure exhibited the highest weight loss and R1-DWwith
ZnO structure presented negligible weight loss in this temperature
range as expected. The third kind of endotherm which is quite
obvious for the samples R2-DW and R3-DW in which lysozyme is
premixed with NaOH solution was obtained between 300 �C and
400 �C and is due to the degradation of lysozyme. By taking the
weight loss between 180 �C and 1000 �C (neglecting surface hy-
droxyl group removal in this range), it was roughly estimated that
these two samples have quite high lysozyme content, above 20%.
Thus, it is likely that lysozyme in deprotonated state can be incor-
porated into ZnO/Zn(OH)2 structurewith a higher extent. Lysozyme
content of the other samples (R1-DWand R4-DW)was estimated to
be about 5e6%. Considering no significant conformational change
of lysozyme observed in FTIR spectra of the samples along with
their high lysozyme contents revealed by TGA, it can be inferred
that those lysozyme ZnO/Zn(OH)2 composite materials may pre-
sent interesting antibacterial properties which should be explored
in detail.

BET surface area values of the calcined samples synthesized by
dropwise addition are given in Table 4. Surface areas of the samples
synthesized without lysozyme (calcined C1-DW and C2-DW) were
measured as quite low (~3 m2/g). Similarly, in the absence of any
additive, the precipitation products of zinc acetate and zinc chlo-
ride with NaOH also exhibited low surface areas, 1 and 6 m2/g,
respectively [47]. The highest surface area values (~8e10 m2/g)



Fig. 6. Comparison of FTIR spectra of as-synthesized first group of samples (a) C1-SA, (b) R1-SA, (c) R2-SA, (d) C1-DW, (e) R1-DW, (f) R2-DW (SA ¼ single addition, DW ¼ dropwise
addition).
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were obtained for calcined R2-DW and R3-DW likely due to their
high lysozyme contents. The use of sucrose and glucose in the
synthesis of ZnO was reported to have significant effect on the
surface area of ZnO [48,49]. In the case of sucrose, the surface area
Fig. 7. Comparison of FTIR spectra of as-synthesized second group of samples (a) C2-S
DW ¼ dropwise addition).
of ZnO, synthesized by a reverse microemulsion-based evapora-
tion-induced self-assembly (EISA) technique, increased from
~5m2/g to above 200m2/g whenmolar ratio of sucrose to Zn2þwas
adjusted to 1 [48]. At the same additive to Zn2þ molar ratio (R), no
A, (b) R3-SA, (c) R4-SA, (d) C2-DW, (e) R3-DW, (f) R4-DW (SA ¼ single addition,



Fig. 8. FTIR spectrum of lysozyme. The symbol, *, shows amide I and amide II bands.

Fig. 10. TGA and DTGA curves of the lysozyme used in the experiments. Solid and
broken lines show the TGA and DTGA curves respectively.
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significant change was observed for the surface area of the ZnO
sample, synthesized hydrothermally with glucose additive
(7e8 m2/g). However, when R was increased to 5, the surface area
was obtained as 42 m2/g [49]. Though R1-DW and R4-DW have
similar amount of lysozyme incorporation, the surface area of R1-
DW was determined as high as those of R2-DW and R3-DW
because of lower particle size of R1-DW. Thus, according to these
observations, surface areas of the samples can be tuned by the
amount of additive and particle size which can be controlled by the
precipitation route and temperature for aqueous preparation
procedure.

4. Conclusions

Effects of the preparation route and lysozyme addition on the
structure and morphology of the precipitation products of stoi-
chiometric amount of zinc nitrate and sodium hydroxide were
studied systematically. Crystal morphologies including octahedral
ε-Zn(OH)2, plate-like b-Zn(OH)2, clover-like ZnO and mixture of
spherical and elongated ZnO were obtained. In general, ε-Zn(OH)2
is obtained in the absence of lysozyme and at nearly neutral to
slightly basic pH range.When initial [OH�]:[Zn2þ] ratio is high as in
Fig. 9. Comparison of FTIR spectra of calcined first group of samples (a) C1-SA, (b) R1-SA
addition).
the dropwise addition method where NaOH is stagnant medium,
dendritic ZnO is favored predominantly independent of lysozyme
addition.

Lysozyme was found to have both catalytic and morphogenic
effects depending on the preparation route. In the case of single
addition method, it guides the formation of plate-like structures
whereas when it is contained in the stagnant Zn(NO3)2 solution
and NaOH is supplied slowly, it catalyzes the formation of ZnO at
room temperature. The inherent antibacterial activity of lyso-
zyme coupled with incorporation of significant amount of lyso-
zyme without significant conformational change suggest that
ZnO/Zn(OH)2-lysozyme composites can be a promising antibac-
terial material.

Calcination of Zn(OH)2 yielded ZnO formation as expected. The
, (c) R2-SA, (d) C1-DW, (e) R1-DW, (f) R2-DW (SA ¼ single addition, DW ¼ dropwise



Fig. 11. TGA and DTGA curves of as-synthesized samples prepared by dropwise addition method (a) C1-DW, (b) R1-DW, (c) R2-DW, (d) C2-DW, (e) R3-DW, (f) R4-DW. Solid and
broken lines show TGA and DTGA curves respectively.

Table 3
% Weight loss values of the as-synthesized samples prepared by dropwise addition.

Sample % Weight loss between 30 �C and 100 �C % Weight loss between 100 �C and 180 �C % Weight loss between 180 �C and 1000 �C Total % weight loss

C1-DW 0.1 15.6 2.9 18.6
R1-DW 0.9 0.8 5.8 7.4
R2-DW 2.4 4.3 22.3 29.0
C2-DW 0.6 4.7 1.8 7.1
R3-DW 2.5 7.4 22.4 32.3
R4-DW 0.9 5.3 5.1 11.2

Table 4
BET surface area values of select calcined samples.

Sample BET surface area (m2/g)

C1-DW 3.0
C2-DW 3.2
R1-DW 7.6
R2-DW 8.5
R3-DW 10.6
R4-DW 4.9
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template crystals were preserved and became porous after calci-
nation. Of these morphologies, the plate-like morphology
composed of connected nanospheres may have a value in gas
sensing application based on the success of the ZnO structures with
similar morphology in this area.

In conclusion, simply changing the preparation route, addition
of lysozyme and calcination allowed preparation of Zn(OH)2 and
ZnO samples with different morphologies which may find different
application areas.
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