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The growing interests in nanomaterials and nanocomposites
call for the development of processing techniques to obtain
multiple functionalization nanostructures and achieve the
tailoring of specific features of the nanometer size. Functional
nanomaterials and nanocomposites will expand the applied
range of the original material and at the same time promote
the development of interdiscipline. Thus, the chemical functionalization and bottom-up assemblies of nanomaterials and
subsequent applications will accelerate the development of
nanoscience and nanotechnology.
This special issue continues to focus on chemical functionalization, self-assembly, and applications of nanomaterials and nanocomposites in 2014. The issue compiles
thirteen exciting manuscripts. It is to refer to multiple functional nanomaterials and nanocomposites such as magnetic
materials Mg-Zn-Ferrite and CoGd𝑥 Fe2−𝑥 O4 , graphenebased material for the biological and catalytic application, supramolecular material soluble glutathione peroxidase,
thermal insulation zeolite that uses the coal fly ash as
the raw material under a two-step synthesis, Artemia egg
shell-supported TiO2 high efficiency formaldehyde removal
material, and hybrid mesocrystals of ibuprofen and aragonite
for medical application. In addition, two of the manuscripts
deal with morphology studies about organogel system based
on calamitic hydrazide derivatives and calcium carbonate,

respectively. The paper by A. Wang et al. explores the bioapplication of gold nanoparticles. The engineering applications
about the fretting wear mechanism and debris analysis are in
depth researched by L. Zhang et al. Furthermore, X. Qu et al.
review the recent advances of fluorescent gold nanoclustersbased applications in biological sensing, biolabeling, and
bioimaging and finally discuss the current challenges of
fluorescent gold nanoclusters in controllable synthesis and
biological application.
Altogether, by compiling these papers, we hope to arouse
our readers and researchers’ interest with respect to chemical
functionalization, self-assembly, and applications of nanomaterials and nanocomposites.
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Gadolinium substituted cobalt ferrite CoGdx Fe2−x O4 (x = 0, 0.04, 0.08) powders have been prepared by a sol-gel autocombustion
method. XRD results indicate the production of a single cubic phase of ferrites. The lattice parameter increases and the average
crystallite size decreases with the substitution of Gd3+ ions. SEM shows that the ferrite powers are nanoparticles. Room temperature
Mössbauer spectra of CoGdx Fe22−x O4 are two normal Zeeman-split sextets, which display ferrimagnetic behavior. The saturation
magnetization decreases and the coercivity increases by the Gd3+ ions.

1. Introduction
Cobalt ferrite is a hard magnetic material, and it has moderate
saturation magnetization of about 80 emu/g, high coercivity
of 5000 Oe, high Curie temperature 𝑇𝐶 of 793.15 K (520∘ C),
high anisotropy constant of 2.65 × 106 ∼5.1 × 106 erg/cm3 ,
and high magnetostrictive of −225 × 10−6 [1, 2]. Moreover,
cobalt ferrite exhibits high electromagnetic performance,
large magneto-optic effect, excellent chemical stability, and
mechanical hardness [3, 4]. In the materials containing 3d
transition metals, the magnetism carriers are the electrons
from the 3d shell that are considered to migrate from one
atom to another. In rare earth (RE) metals, the magnetism
carriers are the 4f electrons which are protected by the 5s2 5p6
shells, so their magnetic moments are well localized at individual atoms [5–7]. Small amounts of RE element gadolinium
can affect the magnetic properties and the magnetic coercivity of Co ferrites. Peng et al. [8] and Rana et al. [9] investigated
the effect of Gd3+ substitution on dielectric properties and
saturation magnetization of nanocobalt ferrite.
In this paper, nanoferrites CoGd𝑥 Fe2−𝑥 O4 (𝑥 = 0, 0.04,
0.08) were prepared by a sol-gel autocombustion method. The
aim of this study is to investigate variation structural and

magnetic properties of cobalt ferrite powders by replacement
of small amounts gadolinium.

2. Experimental
2.1. Sample Preparation. RE ions substituted cobalt ferrite
CoGd𝑥 Fe2−𝑥 O4 (𝑥 = 0, 0.04, 0.08) powders were prepared
by a sol-gel autocombustion method. The analytical grades
Co(NO3 )2 ⋅6H2 O, Fe(NO3 )3 ⋅9H2 O, Gd(NO3 )3 ⋅6H2 O, citric
acid (C6 H8 O7 ⋅H2 O), and ammonia (NH3 ⋅H2 O) were used
as raw materials. The molar ratio of metal nitrates to citric
acid was taken as 1 : 1. The metal nitrates and citric acid were,
respectively, dissolved into deionized water to form solution.
Ammonia was added to the solution of metal nitrates to
change the pH value from 7 to 9. The mixed solution was
poured into a thermostat water bath and heated at 80∘ C under
constant stirring to transform into a dried gel [9]. Citric acid
was dropped continually in the process of heating. The gel
was dried at 120∘ C in a dry-oven for 2 h, being ignited in
the air at room temperature, and the dried gel burnt in a
self-propagating combustion way to form loose powder. The
powder was ground and annealed at temperatures 800∘ C for
3 h.
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The average crystallite size of the investigated samples
is found to be around 31.6 to 55.6 nm by using Scherrer’s
formula [10, 12, 13]. The decreasing average crystallite size
is with Gd3+ ions doping, which is in agreement with the
results of literature [14–18]. They pointed out that the larger
the bond energy of Gd3+ -O2− as compared to that of Gd3+ O2− , the more the energy needed to make Gd3+ ions enter into
the lattice and form the bond of RE3+ -O2− . Therefore, Gd3+
substituted ferrites have higher thermal stability relative to
pure Co ferrite, and more energy is needed for the substituted
samples to complete crystallization and grow grains.
The X-ray density was calculated using the following
relation [10, 11, 17]:

2𝜃 (deg)

Figure 1: Room temperature X-ray diffraction patterns of
CoGd𝑥 Fe2−𝑥 O4 (𝑥 = 0, 0.04, 0.08) annealed at 800∘ C.

Table 1: Lattice parameters, average crystallite size, and X-ray
densities date of CoGd𝑥 Fe2−𝑥 O4 (𝑥 = 0, 0.04, 0.08) ferrites annealed
at 800∘ C.
Sample
(𝑥)
0
0.04
0.08

Lattice
parameter
(Å)

Average
crystallite
size (Å)

Density
(g⋅cm−3 )

8.35497
8.39787
8.39755

556
343
316

5.3468
5.3536
5.4452

2.2. Characterization. The crystalline structure was investigated by X-ray diffraction (Rigaku D/max- 2500V/PC)
with Cu K𝛼 radiation (𝜆 = 0.15405 nm). The micrographs
were obtained by scanning electron microscopy (NoVa Nano
SEM 430). The Mössbauer spectrum was performed at room
temperature, using a conventional Mössbauer spectrometer
(Fast Com Tec PC-mossII), in constant acceleration mode.
The 𝛾-rays were provided by a 57 Co source in a rhodium
matrix. Magnetization measurements were carried out with
superconducting quantum interference device (MPMS-XL-7,
Quantum Design) at room temperature.

3. Results and Discussion
3.1. XRD Patterns Analysis. Figure 1 shows the XRD patterns
of CoGd𝑥 Fe2−𝑥 O4 (𝑥 = 0, 0.04, 0.08) ferrites calcined at
800∘ C for 3 h. The XRD patterns show that all the samples
are single phase and all diffraction peaks can be indexed
to the cubic spinel structure of CoFe2 O4 (JCPDS card
number 22-1086). No impurity peak was detected in these
samples. Table 1 indicates that the lattice constant of Co ferrite
substituting the Gd3+ sample is larger than that of the pure
cobalt ferrite; it is due to the fact that the ionic radius of Gd3+
ions (0.938 Å) is larger than that of Fe3+ ions (0.645 Å) [8–11].
However, lattice parameter does not increase monotonously
by increasing the gadolinium content, and it may be related to
doping gadolinium having a larger radius in CoFe2 O4 which
leads to the lattice distortion [8].

𝜌𝑥 =

8𝑀
,
𝑁𝑎3

(1)

where 𝑀 is relative molecular mass, 𝑁 is Avogadro’s number,
and “𝑎” is the lattice parameter. Table 1 shows that the Xray density is tending to increase with Gd3+ substitution. The
atomic weight of Gd is greater than that of Fe, so the relative
molecular mass increases with the substitution of Gd3+ ions,
and the lattice parameter of cobalt ferrite substituting the
Gd3+ has no significant changes. So the increase in X-ray
density is attributed to the fact that the relative molecular
mass increases.
3.2. Structures and Grain Sizes. The SEM micrographs of
CoFe2 O4 ferrites annealed at 800∘ C for 3 h are shown in
Figure 2. The distribution of grains with almost uniform
size, well crystallized for the sample, can be observed.
Figure 3 shows the histogram of grain size distribution of
CoGd𝑥 Fe2−𝑥 O4 (𝑥 = 0) ferrites. The average grain size
estimated by a statistical method is approximately 96.26 nm.
The average grain size is slightly larger than the average
crystallite size determined by XRD. This shows that every
particle is formed by a number of crystallites [19–21].
The SEM micrographs of CoGd𝑥 Fe2−𝑥 O4 (𝑥 = 0) are
shown in Figure 4. The distribution of grains with almost
uniform size, well crystallized for CoGd𝑥 Fe2−𝑥 O4 (𝑥 = 0),
can be observed. Some particles are agglomerated due to the
presence of magnetic interactions among particles [14].
3.3. Mössbauer Spectroscopy. The Mössbauer spectra recorded at room temperature are shown in Figure 5 for
CoGd𝑥 Fe2−𝑥 O4 (𝑥 = 0, 0.04, 0.08). All samples have
been analyzed using Mösswinn 3.0 program. For all samples,
the spectra exhibit two normal Zeeman-split sextets due
to Fe3+ at tetrahedral and octahedral sites, indicating the
ferromagnetic behavior of the samples. The sextet with the
larger isomer shift is assigned to the Fe3+ ions at B site, and
the one with the smaller isomer shift is assumed to the Fe3+
ions occupying A site. Maybe it is due to the difference in
Fe3+ -O2− internuclear separations. For the bond separation
being larger for B site Fe3+ ions, in comparison with A site
ions, smaller overlapping of orbits for Fe3+ and O2+ ions
at B site occurs, resulting in smaller covalency and larger
isomer shift for B site Fe3+ ions [22, 23]. It is evident from
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Figure 2: SEM micrographs depict CoFe2 O4 ferrites with diameters of 1 𝜇m (a), 2 𝜇m (b), 5 𝜇m (c), and 10 𝜇m (d).
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Figure 3: Histogram of grain size distribution for CoFe2 O4 ferrites
annealed at 800∘ C.

Table 2 that isomer shifts values show very little change
with Gd3+ substitution, which indicates that s electrons
charge distribution of Fe3+ is not much influenced by Gd3+
substitution [23]. It is reported that the values of IS (Isomer
shift) for Fe2+ ions lie in the range 0.6∼1.7 mm/s, while for
Fe3+ ions they lie in the range 0.1∼0.5 mm/s [24]. From

500 nm

(b)

Figure 4: SEM micrographs of different part in CoGd𝑥 Fe2−𝑥 O4 (𝑥 =
0) ferrites with diameters of 300 nm (a) and 500 nm (b).
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Figure 6: Room temperature hysteresis loops of CoGd𝑥 Fe2−𝑥 O4
(𝑥 = 0, 0.04, 0.08) annealed at 800∘ C.
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Figure 5: Room temperature Mössbauer spectra of CoGd𝑥 Fe2−𝑥 O4
(𝑥 = 0, 0.04, 0.08) ferrites annealed at 800∘ C.

Table 2, values for IS in this paper indicate that iron is in Fe3+
state.
Table 3 shows that the values of magnetic hyperfine field
at A site have no significant changes, and the magnetic
hyperfine field at B site is tending to decrease by Gd3+
substitution. Maybe the Fe3+ ions of samples at lattice site are
substituted by Gd3+ ions at B sites. Gd is the only RE element
that has a Curie temperature 𝑇𝐶 (293.2 K) close to room
temperature [16, 25]. Magnetic dipolar orientation of the RE
exhibits a disordering form at room temperature; therefore,
introducing rare-earth Gd3+ ions in CoFe2 O4 seems like
substituting magnetic Fe3+ ions (in octahedral B site of spinel
lattice) by nonmagnetic atoms [8].
The value of quadrupole shift of the magnetic sextet
is very small in all the samples indicating that the local
symmetry of the ferrites obtained is close to cubic.
3.4. Magnetic Property of Particles. Figure 6 shows hysteresis
loops of CoGd𝑥 Fe2−𝑥 O4 at room temperature. The magnetization of all samples nearly reaches saturation at the external
field of 10000 Oe.
It is observed from Table 3 that saturation magnetization
decreases as Gd content increases. The saturation magnetization could be expressed by means of the following relation
[7]:
𝜎𝑠 =

5585 × 𝑛B
,
𝑀

(2)

where 𝑛B is the magnetic moment with Bohr magneton as the
unit and 𝑀 is relative molecular mass. The relative molecular
mass of CoGd𝑥 Fe2−𝑥 O4 increases as Gd content 𝑥 increases.
The change of magnetic moment 𝑛B can be explained with
Néel’s theory. The magnetic moment per ion for Gd3+ , Co2+ ,
and Fe3+ ions is 7.94 𝜇B , 3 𝜇B , and 5 𝜇B [15, 16], respectively.
As previously mentioned, magnetic dipolar orientation of the
rare earth exhibits a disordering form at room temperature.
Hence, in this paper, it may be reasonable that rare earth
ions (Gd3+ ) are considered as nonmagnetic ones at room
temperature.
Since Co2+ prefer to occupy the octahedral site (B) in
CoFe2 O4 material of inverse spinel structure [1, 2], Gd3+
ions occupy only the B sites for their large ion radii [10, 16].
That is, the cation distribution is (Fe)A [CoGd𝑥 Fe1−𝑥 ]B O4 .
According to Néel’s two sublattice models of ferrimagnetism,
the magnetic moment n𝐵 is expressed as [7, 11]
𝑛B = 𝑀B − 𝑀A = 3 + 5 (1 − 𝑥) − 5 = 3 − 5𝑥,

(3)

where 𝑀B and 𝑀A are B and A sublattice magnetic moments,
respectively. Figure 7 shows the change in experimental and
theoretical magnetic moment with Gd content 𝑥.
From Figure 7, the experimental and theoretical magnetic
moment decreases as Gd content 𝑥 increases, and according to relation (2) the theoretical saturation magnetization
decreases with Gd content 𝑥. The variation of the experimental and theoretical saturation magnetization is in a good
agreement with each other for all samples.
It is observed from Table 3 that the variation of coercivity
with Gd content 𝑥 increases for CoGd𝑥 Fe2−𝑥 O4 . It indicates
that the coercivity of Co ferrite substituting the Gd3+ ions is
larger than that of the pure cobalt ferrite. The phenomenon
can be explained as follows. Like Co2+ ions, rare earth ions
(Gd3+ ) have stronger s-l coupling and weaker crystal field,
so they have stronger magnetocrystalline anisotropy [6, 10,
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Table 2: Mössbauer parameters of isomer shift (IS), quadrupole splitting (QS), magnetic hyperfine field (𝐻), linewidth (Γ), and absorption
area (𝐴 0 ) for CoGd𝑥 Fe2−𝑥 O4 (𝑥 = 0, 0.04, 0.08) ferrites annealed at 800∘ C.
Sample (𝑥)

Component
Sextet (A)
Sextet (B)
Sextet (A)
Sextet (B)
Sextet (A)
Sextet (B)

0
0.04
0.08

IS (mm/s)
0.237
0.375
0.256
0.298
0.223
0.334

QS (mm/s)
−0.004
−0.024
−0.006
−0.111
0.037
−0.049

Table 3: Magnetic data for CoGd𝑥 Fe2−𝑥 O4 (𝑥 = 0, 0.04, 0.08)
ferrites annealed at 800∘ C.
Sample (𝑥)
0
0.04
0.08

𝑀𝑆 (emu/g)
72.58
65.00
59.77

𝐻𝐶 (Oe)
1005.33
1365.17
1125.26

𝑀𝑟 (emu/g)
34.71
33.24
30.12

𝑛B
3.05
2.78
2.60

3.1

Magnetic moment (𝜇B )

3.0
2.9
2.8
2.7
2.6
0.00

0.02

0.04
0.06
Composition (x)

0.08

𝐻 (T)
48.946
45.695
49.105
42.123
48.964
45.482

Γ (mm/s)
0.360
0.322
0.462
0.214
0.304
0.361

𝐴 0 (mm/s)
32.4
67.6
38.3
61.3
14.3
85.7

as crystallinity, microstrain, magnetic particle morphology
and size distribution, anisotropy, and magnetic domain size
[14, 27, 28].

4. Conclusion
The analysis of XRD patterns reveals the formation of
single-phase cubic spinel structure for CoGd𝑥 Fe2−𝑥 O4 (𝑥 =
0, 0.04, 0.08) ferrite annealed at 800∘ C. The increase in lattice
constant is due to replacement of smaller Fe3+ ions by larger
Gd3+ ions. SEM results indicate the distribution of grains and
morphology of the samples. Some particles are agglomerated
due to the presence of magnetic interactions among particles.
The ferrite powers are nanoparticles. Room temperature
Mössbauer spectra of CoGd𝑥 Fe2−𝑥 O4 (𝑥 = 0, 0.04, 0.08)
ferrites are two normal Zeeman-split sextets. It displays
ferrimagnetic behavior for the samples. The saturation magnetization decreases and the coercivity increases with the
substitution of Gd3+ ions. The decreases of the saturation
magnetization can be explained with Néel’s theory. The
variation of coercivity is attributed to magneto-crystalline
anisotropy, microstrain, and grain boundary.
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The gelation property of a series of LMOG bearing hydrazide and azobenzene groups, namely, N-4-(alkoxyphenyl)-N -4-[(4methoxyphenyl)azophenyl] benzohydrazide (BNBC-𝑛, 𝑛 = 8,12,14), has been systematically studied in this work. The obtained
results demonstrate that the gelling ability in organic solvents is significantly influenced by the length of terminal alkoxy chain. In
different organic solvents, it is hard to observe the organogel formation for BNBC-8 molecule. On the contrary, the organogelators
BNBC-12 and BNBC-14 bearing longer terminal chains have shown great ability to gel organic solvents to form stable organogels.
The critical gelation concentration for BNBC-12 reaches as low as 5.3 × 10−3 M, which can be considered as a supergelator. It has
been manifested that the aggregation morphology of organogel strongly depends on the nature of the gelling solvents and the length
of the terminal alkoxy chain. The gelation of BNBC-𝑛 provides an easy method for the preparation of multidimensional structure
and manipulation of morphology from ribbons, hollow tube fiber to 3D net-like structure in different solvents. The cooperation
of hydrogen bonding, 𝜋-𝜋 interaction, and Van der Waals force is suggested to be the main contribution to this self-assembled
structure.

1. Introduction
In the past decades, low molecular mass organogelators
(LMOGs) have attracted broad attention because they
can self-assemble into diverse nano/microstructures, for
instance, particles, tubes, fibers, and helical ribbons, through
specific noncovalent interactions such as hydrogen bonding,
𝜋-𝜋 interaction, hydrophobic interaction and Van der Waals
force, and so forth [1–3]. Supramolecular self-assembly is a
spontaneous process of molecular aggregation into ordered
nanostructures, which provides a bottom-up approach to
obtain structural regularity of various morphologies [4].
However, a complete mechanism for the self-assembled
supramolecular structures is still beyond our understanding. Recently, there has been a growing interest in tuning
morphology by changing molecular structure [5], altering
the composition of a binary gel [6, 7] and solvent [8, 9],
and using ultrasound [10, 11], light [12, 13], and so on. For
example, Saha et al. and coworkers reported for the first time
the hierarchical tuning of one-dimensional morphology from
helical bunched fibers to rods and hollow tubes, by changing

the composition of riboflavin-melamine in a hydrogel system
[2]. Zhu et al. and coworkers demonstrated the structural
transition from organogels to flower-like microcrystals in
dipeptide self-assembling system, which can be readily
induced by using ethanol as a cosolvent [8]. Our previous
work reported a photoinduced fiber-vesicle morphological
transition in a chloroform gel of azophenyl hydrazide derivative [12]. However, full control over the morphologies of
self-assembled structures for their implementation in special
applications is still a great challenge.
Among the noncovalent interactions, hydrogen bonding is most commonly used to direct self-assembly process
because of its strength, directionality, reversibility, and selectivity. Meanwhile, peptide, amino acid, amide, and urea
groups have been widely employed as building blocks to
afford supramolecular gels. Yang et al. and coworkers
reported a hydrazide quinolinone-based quadruple hydrogen-bonded building block to gelate dichloromethane/hexane at concentration higher than 2 wt % [14]. Zhao et al.
and coworkers reported a new series of highly stable
hydrazide-based ADDA-DAAD heterodimers, which
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Table 1: Gelation propertiesa of BNBC-𝑛, 𝑛 = 8, 12, 14.
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Scheme 1: The molecular structure of BNBC-𝑛.

represented the first successful application of hydrazide
derivatives in the hydrogen-mediated supramolecular systems with well-established structures [15]. In this work, we
focus on the self-assembly structure of calamitic hydrazide derivatives, N-4-(alkoxyphenyl)-N -4-[(4-methoxyphenyl)azophenyl] benzohydrazide (BNBC-𝑛, 𝑛 = 8, 12, 14)
(as shown in Scheme 1), which had been synthesized and
reported in our previous work [16]. The results indicate that
the gelation property and the aggregation morphology of
organogel strongly depend on the nature of gelling solvents
and the length of terminal alkoxy chain. The possible
mechanism for the formation of nanostructural aggregates is
also discussed in this paper.

2. Experimental Section
Field emission scanning electron microscopy (FE-SEM)
images were taken with a JSM-6700F apparatus. Samples
for FE-SEM measurement were prepared by wiping a small
amount of gel onto a silicon plate, followed by drying in a
vacuum for 12 h at room temperature. FT-IR spectra were
recorded with a Perkin-Elmer spectrometer (Spectrum One
B), in which the xerogels were prepared by freezing and
pumping the organogel of BNBC-𝑛 for 12 h, and then pressed
into a tablet with KBr for FT-IR measurement. UV-vis
absorption spectra were obtained on a Shimadzu UV-2550
spectrometer.
Gelation Test. The weighted gelator was mixed in a cap
sealed test tube (3.5 cm (height) × 0.5 cm (radius)) with an
appropriate amount of solvent, and the mixture was heated
until the solid dissolved. The sample vial was cooled to 4∘ C
and then turned upside down. When a clear or slightly
opaque gel formed, the solvent therein was immobilized at
this stage. Melting temperature (𝑇𝑚 ) was determined by the
“falling drop” method [17]. An inverted gel was immersed in
a water bath initially at or below room temperature and then
was heated slowly up to the point at which the gel fell due to
the force of gravity, that is, the 𝑇𝑚 .

3. Results and Discussion
3.1. Molecular Design and Gelation Properties. The strategy
of this work is to build up a system containing hydrogen
bonding, 𝜋-𝜋 interaction, and Van der Waals force to drive
the self-assembly gelation. The mentioned above interactions
play mutual balance to modulate the packing arrangement

BNBC-8
State
Cyclohexane
I
Toluene
P
Benzene
P
Chloroform
P
Acetone
P
Methanol
P
DMSO
P
Solvent

BNBC-12
State
CGC
I
—
G
5.3 × 10−3
G
8.2 × 10−3
G
1.3 × 10−2
G
2.5 × 10−2
P
—
S
—

BNBC-14
State
CGC
I
—
G
6.7 × 10−3
G
1.0 × 10−2
G
2.1 × 10−2
G
4.8 × 10−2
P
—
S
—

a

G: stable gel formed at room temperature; I: insoluble; P: precipitated; S:
soluble; CGC: critical gelation concentration (mol/L), the minimum solute
concentration necessary for gelation.

of molecules and eventually construct a particular superstructure. For this purpose, we had designed and synthesized
the calamitic oxadiazole derivative BNBC-𝑛, which contains
hydrazide, azobenzene, and an alkyl chain with different
length (as shown in Scheme 1). The numerous interactions in
BNBC-𝑛 should offer, at least to some extent, the possibility
of controlling the aggregation morphology of organogel. A
certain solubility of a gelator in solvents is a prerequisite
for gelation, whereas microphase segregation from dissolved
solvents will induce gelation, in which different types of
intermolecular interactions underpin the self-assembly of
gelators. The length of alkyl chain is expected to regulate the
intermolecular interaction with solvent to achieve a suitable
solubility in solvent and thus the self-assembled nanostructures of organogel. We have investigated the gelation ability
of BNBC-𝑛 in various organic solvents at room temperature,
and the relevant minimum gel concentrations of BNBC-𝑛 are
summarized in Table 1.
The obtained results indicate that the BNBC-8 bearing
shorter terminal chain is difficult to dissolve in organic
solvents with weak polarity, such as 1,2-dichloroethane and
cyclohexane, but dissolves in medium and strong polarity
such as benzene, chloroform, tetrahydrofuran, ethanol, and
dimethylsulfoxide (DMSO) by heating and precipitates with
cooling. In contrast, compounds BNBC-12 and BNBC-14
bearing longer terminal chain can form a stable gel in polar
solvents such as aromatic solvents chloroform, while both of
them dissolve in methanol by heating but precipitate with
cooling as well. A possible reason for the precipitation from
protonic solvents might be that the potential supramolecular
aggregation through intermolecular hydrogen bonding is
prevented in this case. In other words, the above gelation
property in different solvents manifests that intermolecular
hydrogen bonding between the hydrazide groups is the
driving force for the gelation and subsequent nanostructure.
Among these three calamitic hydrazide derivatives, BNBC12 bearing appropriate length of terminal chain shows the
strongest gelation ability in toluene, and the critical gel
concentration (CGC) can reach as low as 5.3 × 10−3 mol/L,
which can be considered as a supergelator. Moreover, the
sol-gel transition of BNBC-12 and BNBC-14 is fully thermoreversible even after several cycles of heating and cooling.
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Figure 1: Concentration-dependent melting temperature (𝑇𝑚 ) of
BNBC-12 gelating in toluene, chloroform, and acetone, respectively.

The organogels are remarkably stable and can be stored for
months without showing any decomposition.
Figure 1 shows the gel-sol transition temperature (𝑇𝑚 ) of
BNBC-12 gels in benzene, chloroform, and acetone as a function of concentration, respectively. The 𝑇𝑚 increases with the
concentration until a plateau region is reached (denoted by a
concentration-independent 𝑇𝑚 ), which is determined by the
“falling drop” method [17]. With changing the solvent, the 𝑇𝑚
value in the “plateau region” decreases from 89∘ C (in toluene)
to 60∘ C (in chloroform) and then to 55∘ C (in acetone). The
most dramatic feature is that the morphologies of xerogels
formed by BNBC-12 display a strong dependence on the
nature of gelling solvent. From the summary listed in Table 1,
it can be seen that the gelation ability of BNBC-𝑛 manifests
an apparent dependence on the length of terminal chain of
BNBC-𝑛 and intermolecular interaction with solvents, which
will modify their self-assembled morphology structures as
well.
3.2. Morphologies of the Xerogels. In order to investigate
the aggregation morphology of organogel, the xerogels of
BNBC-𝑛 were prepared and subjected to scanning electron
microscope (SEM). As shown in Figure 2(a), the organogel
of BNBC-12 from acetone consists of flexible root-like fibers
with the width of 100–500 nm and length of tens of micrometers. The more entangled and dense fiber morphology with
the width of 30–50 nm is observed for xerogel BNBC-12
from toluene (Figure 2(b)), and these fibers further assemble
into thick fiber bundles and then constitute a highly developed and entangled network, indicating that the interactions
between individual fibers are stronger in toluene. Meanwhile,
the gel of BNBC-12 in toluene exhibits better transparency.
Interestingly, the morphologies of the BNBC-12 xerogel
from chloroform show a quite different packing from that
of other xerogels. As shown in Figure 2(c), the xerogel of

BNBC-12 from toluene consists of coral-shaped aggregation
morphology and reveals 3D cross-linking network structure.
From the zoom-in of top right corner in Figure 2(c) (as shown
in Figure 2(d)), it can be seen that the coralloid aggregation
structure is composed by hillocks with the size of 50 nm
in diameter and 50–200 nm in length. As to the xerogel
of BNBC-14 from toluene (Figure 2(f)), the morphology
image exhibits straight and dense fibrous aggregates with the
diameter of 30–80 nm and tens of micrometers in length.
The aggregate structure of BNBC-14 xerogel from acetone
(Figure 2(e)) is composed of flat ribbons with the width
ranging from 1 𝜇m to 5 𝜇m, and some ribbons bent to form
hollow tube as shown in the inset of Figure 2(e). The observed
morphology results indicate the gelation ability of BNBC12 in different organic solvents is stronger than that of
BNBC-14. Correspondingly, the assembled fiber or ribbon of
BNBC-12 would capture more solvent molecules and would
demonstrate a lower CGC value as well.
On the basis of the above results, it can be concluded that
the morphology of the BNBC-𝑛 xerogels strongly depends on
the nature of gelling solvents. These observations of tunable
organogel structure are consistent with the CGC in different
solvents shown in Table 1 for BNBC-12 and BNBC-14. The
formation of elongated fiber-like and coral-shaped aggregates
indicates that the self-assembly of BNBC-𝑛 is driven by strong
intermolecular interactions.
3.3. The Interactions in the Gels. To investigate hydrogen
bonding and alkyl chain conformations in the gelation process, the Fourier transform infrared (FT-IR) measurements
on the xerogels of BNBC-12 from toluene, chloroform, and
acetone were carried out, respectively. FT-IR spectroscopy
of BNBC-12 xerogel from toluene (Figure 3(a)) shows that
the N–H stretching vibrations are at around 3220 cm−1 and
amide I at around 1641 cm−1 and 1679 cm−1 , respectively,
indicating that the N–H groups are associated with C=O
groups via N–H⋅ ⋅ ⋅ O=C hydrogen bonding in the xerogel [18,
19]. For the acetone xerogel (Figure 3(c)), the N–H stretching
vibrations locate at 3230 cm−1 , and the peak slightly shifts
to higher wavenumbers along with a shift of amide I bands
to 1683 cm−1 and 1645 cm−1 , respectively. Thus, it can be
concluded that intermolecular hydrogen bonding exists in
BNBC-12 xerogel from acetone, though it is somewhat weaker
compared with that in the corresponding xerogel from
toluene. On the other hand, the ]s (CH2 ) and ]as (CH2 ) in
the xerogel of BNBC-12 appear at around 2855 cm−1 and
2925 cm−1 , respectively, implying that the alkyl chains are
closely packed to form quasi-crystalline domain [20].
Electronic UV-vis absorption spectra of the gels were
studied to obtain information about the aggregated state of
azobenzene on the molecular scale. As shown in Figure 4,
the absorption spectra of BNBC-12 manifest a slight but
detectable dependence on concentration in acetone. With a
dilute (1 × 10−5 M) solution of BNBC-12 in acetone, the 𝜋-𝜋∗
absorption maximum of the azobenzene group of BNBC12 (Figure 4) locates at 351 nm. With the concentration
increasing from 1 × 10−5 M to 1 × 10−3 M, the absorption maximum is slightly red-shifted from 351 nm to 357 nm, indicating
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Figure 2: SEM images of (a) BNBC-12 xerogels from acetone (3.0 × 10−2 M), (b) BNBC-12 xerogels from toluene (5.8 × 10−3 M), (c, d) BNBC12 xerogels from chloroform (3.0 × 10−2 M), (e) BNBC-14 xerogels from acetone (5.0 × 10−2 M), and (f) BNBC-14 xerogels from toluene
(8.0 × 10−3 M).

that the azobenzene units are arranged into J-type aggregates
through 𝜋-𝜋 interactions in gels [21]. Similar results were
observed for BNBC-14 in acetone.
The self-assembled gelation is a complex process in which
several noncovalent interactions are involved in the formation of aggregation structure. The above spectroscopic results
with respect to the gelation ability and tunable morphology
of BNBC-12 and BNBC-14 indicate that the cooperation of
hydrogen bonds, 𝜋-𝜋 interaction, and Van der Waals force
plays an important role in self-assembly. The gelation of
BNBC-𝑛 provides an easy method for preparation of multidimensional structure and manipulation of morphology

ranging from ribbons, hollow tubes, fibers to even 3D net-like
structure in different solvents.

4. Conclusions
We have studied the gelation ability and morphology of a
series of LMOG (BNBC-𝑛, 𝑛 = 8, 12, 14) containing hydrazide, azobenzene, and alkyl chain with different length.
BNBC-8 demonstrates a nonorganogel compound in any
solvents or at different temperature. The organogelators
BNBC-12 and BNBC-14 bearing longer terminal chains show
strong gelation ability in organic solvents, such as toluene,
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chloroform and acetone, and so forth. The minimum gel
concentration of BNBC-12 in toluene is as low as 5.3 × 10−3 M,
which can be considered as a supergelator. It also has been
demonstrated that the morphology of the xerogels strongly
depends on the nature of gelling solvents, and the selfassembled nanostructure is tunable by the intermolecular
interactions between molecule unit with different length of
terminal chain and solvents. Based on these observations,
the cooperation of hydrogen bonds, 𝜋-𝜋 interaction, and
Van der Waals force might be crucially involved in the
process of self-assembly. The unique and tunable aggregation
morphology could be applied to surface modification such as
superhydrophobicity and distinguish the obtained organogels
as a novel class of functional materials.
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After the interface debonding, the body protein fluid is subsequently pumped into stem-cement fretting wear interface, serving as
the lubricant. On the stem surface, whether there is the influence of protein absorption on fretting wear or not is considered in this
study. The biotribological properties at the stem-cement interface were investigated by SEM. The result of hysteresis loops shows
that elasticity and plasticity performance of the frictional interface materials can be damaged by fretting fatigue and material energy
dissipation will increase periodically. The wear quantity of cement is mainly influenced by load and displacement. The maximum
wear loss of bone cement could reach 1.997 mg. Bone cement and titanium alloy wear debris, whose size distributions are widely
spread from 1 to 110 𝜇m and 5 to 150 𝜇m, respectively, are shaped like tuber, tear, sheet, strip, and sphere, which will induce the
osteocyte damage.

1. Introduction
The failure of cement type total hip replacement (THR) is
mainly due to loose interface caused by different modulus
of elasticity of contact materials and the patients’ debris
disease caused by the continuous friction and wear between
components’ interfaces [1–3]. Though scholars differ greatly
in the complicated causes for the loosening and wear after
THR, they have widely accepted the continuous fretting wear
at the bone cement-stem interface [4]. The results of Jasty and
Zhang showed that the stem-bone cement interface has been
cited as a weak link, and it has been indicated from clinical
and experimental studies that debonding of this interface may
be inevitable [5, 6]. Lennon and Prendergast and Goodman
demonstrated that the bone cement solidifying technology,
human body environment, and the mechanical fretting of
bone cement-stem interface work together, which make the
influence process of interfacing wears more complicated [7,
8]. In addition, impacted by the tiny interface and metal
shadow, it is hard to inspect whether there are fretting wears
on interface through X-ray and CT scanning which has been
verified by Ryd et al., whereas the stem’s sinking distance,

interface’s normal load, and microdislocation can damage the
elastic-plastic characteristics of replacement components on
one hand [9–11] and induce the growth of fibrous tissue and
the appearance of wear debris on interface, which initiate
aseptic inflammation finally [12, 13]. Therefore, it is urgent
to make analysis on fretting wear characteristics of bone
cement-stem interface.
Earlier researchers mainly conducted with mechanical
fixation and the implantation of prosthesis [14–16], which
will induce fretting fatigue and then fretting wear. Later
on, researchers discovered that fretting wear is related not
only to fatigue but also to environment [15–19], let alone
studying the fatigue damage process of implant material
through the hysteresis loops, which was complemented by
this paper. Accordingly, numerous researches of Geringer et
al. focused on the effects of serum on fretting wear interface
and found that without albumin the interface wear quantity of
concave and convex points increase as the chloride converges,
whereas protein not only can protect the interface from being
worn but prevent erosion [20–24]. Being influenced by the
electrochemistry of the body, Kim et al. find that chloride can
increase the quantity of concave and convex points in wear
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(a)

(b)

Figure 1: Equipment for the tribology experiment between simulated femoral stem and bone cement: (a) UMT-III universal multifunction
tester; (b) titanium alloy and bone cement samples for tests.

region and then generate wear debris, among which 80% are
less than 100 nm. These debris are the key ones that induce
the growth of fibrous tissue [25–28].
Though clinical reports and instigations revealed the
bioreaction, which means reconstruction of femur, of the
destruction of human bone caused by wear debris, few
researches interpreted the wear mechanism over the course
of micromotion and studied the morphology and size of wear
debris. This study, which aims to act as a supplement, provides
further investigation of bioreaction of wear debris with proof.

2. Materials and Methods
2.1. Experiment Equipment and Materials. The experiment
will be made on UMT-III microfriction and wear tester (as
illustrated in Figure 1(a), UMT-III, Centre for Tribology Inc.,
Campbell, CA, USA) produced by USA Center Company.
Medical titanium alloy Ti6Al4V pins are adopted with a
diameter of 4 mm and a height of 10 mm, which were manufactured to simulate the femoral stem; the average roughness
arranges from 0.03∼0.06 𝜇m [17]. Bone cement is made into
rectangle blocks of 12 mm long, 8 mm wide, and 4 mm high in
model making process (as illustrated in Figure 1(b), Synthetic
Material Research Institute, Tianjin, China), and the surface
roughness is 0.3 𝜇m. Mechanical property and compositions
of the tested materials are as follows in Tables 1, 2, and 3
[29, 30].
2.2. Tribological Experiment. Orthogonal fretting wear test
of twenty-four samples on titanium alloy and bone cement
interface is conducted under different loads and amplitudes.
Flat-flat contact model wear test is made in the following
conditions (as illustrated in Figure 2), 25∘ C indoor temperature, 55%∼60% humidity, dry friction, and 25% calf serum
lubricants (Sijiqing Biological Engineering Materials Co. Ltd.,
Hangzhou, China) in nylon mould: 𝐷 (displacement) = ±30,
±40 and ±50 𝜇m; 𝐹𝑛 (contact normal loads) = 20 N, 40 N,
60 N, and 80 N; the corresponding pressure is 2.75 MPa,
3.89 MPa, 4.72 MPa, and 5.45 MPa [16, 17, 19], respectively.
According to the ISO5833 standard, Zhang and Ge found the
maximum compression strength of bone cement researched

Figure 2: Reciprocating fretting friction test.

96.26 MPa [31]. Compared with the maximum contact pressure 64.9 MPa in the study conducted by Zhang et al., this
contact pressure could be accepted for the fretting wear
test [17]. This was calculated on the basis of the following
equations for the contact pressure of cylindrical pads on a
plane specimen configuration, according to the Hertz theory
[14]. The contact pressure was comparable to the normal
contact stress at the stem-bone cement interface, which
would be dominant following debonding of the femoral stem
from the cement mantle [6, 19]:
∗

𝑃𝐸
,
𝑃0 = √
𝜋𝑅
1 − ]21 1 − ]22
1
=
(
+
).
𝐸∗
𝐸1
𝐸2

(1)

In order to accelerate the test of the gait cycle frequency
of 1 Hz, fretting frequency 𝑓 = 3 Hz and the cycle period
of 5 × 104 times were selected. This frequency was chosen
to accelerate the wear simulation but not to affect the results
much [23].
A total of forty-eight samples were divided into two
groups to conduct two tests, and each one contains 24
orthogonal tests. Before each test, the specimens including
the metallic pin and the bone cement disk were cleaned in an
ultrasonic bath using acetone and deionized water for 15 min
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Figure 3: Titanium alloy and bone cement interface fretting wear operation illustration: (a) under the load of 20 N, 40 N, 60 N, and 100 N,
respectively, Ti6Al4V and bone cement interface contact; (b) fretting starting amplitude; (c) 60 𝜇m move back; (d) to lateral 30 𝜇m, namely,
move back to the original location, forming a wear cycle period.
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Table 1: Mechanical property of the tested materials.
Mechanical
properties

Yong’s modulus 𝐸
(GPa)

Poisson’s ratio

Yield stress
(MPa)

Ultimate tesnile
strength (MPa)

Hardness
(Hv)

110
2.5

0.3
0.39

830
65

902
75

331
21

Friction force
Ft (N)

Friction force
Ft (N)

Friction force
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Figure 5: 𝐹𝑡 -𝐷 hysteresis loops (±30 𝜇m) of titanium alloy and bone cement under different loads in dry test.
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Figure 7: SEM graph of bone cement wear debris group.

(a)

(b)

Figure 8: Morphology figure of bone cement spheral wear debris.
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(a)

(b)

Figure 9: Tuberous wear debris of bone cement.

(a)

(b)

(c)

Figure 10: Morphology figure of bone cement mussy ellipse wear debris.

Table 2: Chemical composition of Ti6Al4V (%).
Al
6.02

V
4.1

Fe
0.168

O
0.043

C
0.16

N
0.02

H
0.001

Ti
89,488

each followed by drying with an N2 gas jet. After each test, the
metallic pin and the bone cement disk were removed from the
testing apparatus, dried with the N2 gas jet [17].

Figure 11: Lacerated wear debris of bone cement.

2.3. Evaluation of the Experiment. Draw fretting movement
figure (𝐹𝑡 -𝐷-𝑁) on the basis of experiment data (𝐹𝑡 stands
for Friction stress and 𝑁 stands for cycles), analyze the
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(a)

(b)

Figure 12: Sheet wear debris of bone cement.

(a)

(b)

(c)

Figure 13: Morphology figure of bone cement strip wear debris.

Table 3: Composition of CEMEXXL bone cement.
Liquid ingredients
Methyl methacrylate
Dimethyl acetal toluic acid
Hydroquinone
Powder ingredients
BaSO4
Polymethyl methacrylate
Benzoyl peroxide

18.33 g
98.20%
1.80%
7.5 × 10−5 %
50 g
85.00%
12.00%
3.00%

movement characteristics of fretting wear region on friction

interface, make statistics on bone cement matrix’s wear
extent, and draw wear microgram further. Quanta 200 ESEM
FEG scanning electron microscope (SEM, FEI, Eindhoven,
Netherlands) is applied separately in collecting wear scar
feature on the stem-bone cement interface, and analysis is
made on the debris shape and its generating mechanism.
Titanium alloy and bone cement interface fretting is
a reciprocating process (Figure 3(a)). Take 30 𝜇m starting
fretting amplitude for instance, move 30 𝜇m aside and the
friction force occurs, the rear end of Ti6Al4V metal material wears with bone cement, which makes an edge wear
of 30 𝜇m approximately and the wear scrap accumulation
(Figure 3(b)). Shift back 60 𝜇m in unloading; the titanium

8

Figure 14: Morphology figure of bone cement pole-shaped wear
debris.

alloy has tip shift back and wear at ±30 𝜇m place and makes
30 𝜇m wear (Figure 3(c)). Shift the detector aside 30 𝜇m to its
original place, and forms a wear cycle motion (Figure 3(d)).

3. Results
3.1. Mechanism of Fretting Operation. In purpose of analyzing
the process of fretting movement, 𝐹𝑡 -𝐷-𝑁 curves are being
analyzed when 𝐹𝑛 = 20 N and 𝐷 = ±30 𝜇m and 𝐹𝑛 =
60 N and 𝐷 = ±30 𝜇m, respectively. Figure 4 shows the
fretting operation of titanium alloy surface and bone cement
matrix under the circumstances of dry friction and calf serum
lubricants. In dry friction, when 𝐹𝑛 = 20 N and 𝐷 = ±30 𝜇m,
𝐹𝑡 -𝐷 curve is in shape of parallelogram at early stage, while
with the increase of fretting cycle, when 𝑁 ≈ 2000, 𝐹𝑡 𝐷 curve transforms into straight line gradually (Figure 4).
When 𝐹𝑛 = 60 N and 𝐷 = ±30 𝜇m (in Figure 4(b)), the
distance between loading upper curve and unloading lower
curve increases, which illustrates the energy consumption at
early stage is slightly higher; meanwhile, when 𝑁 ≈ 1000,
𝐹𝑡 -𝐷 curve transforms into ellipse. When 𝑁 = 5000, the
distance between loading upper curve and unloading lower
curve decreases, which illustrates the energy consumption
drop, whereas in calf serum lubricants, when 𝐹𝑛 = 20 N and
𝐷 = ±30 𝜇m, the 𝐹𝑡 -𝐷 curve transforms from parallelogram
into ellipse (0 ≤ 𝑁 ≤ 1000), and when 𝑁 ≈ 5000, the curve
transforms into flat ellipse (Figure 4(d)).
The 𝐹𝑡 -𝐷 curve transforming into parallelogram at early
stage indicates that the contact area is completely in slippage
and wear region, and because elasticity and plasticity transformations of different materials occur in contacting and
cooperating process, three-matrix abrasion has not formed
in friction surface; therefore, the energy consumption of
microamplitude is slightly higher. When the load and cycle
increase to a certain extent, the 𝐹𝑡 -𝐷 curve turns into ellipse
gradually, which indicates that the tangential fretting operates
in mixed region (the medium transition phase between the
overall slippage and partial slippage of the interface). With
the cycle increase, 𝐹𝑡 -𝐷 curve will close and transforms into
flat ellipse, which indicates that the interface is in balance
between elasticity and plasticity transformation and contact
stiffness, partial slippage region, and adhesion region come
into being on wear interface.

Journal of Nanomaterials
The size of fretting contact area, stress distribution, wear
depth, and wear quantity are all determined by loads; 𝐹𝑡 -𝐷
curve in the same cycle changes with the increase of contact
loads. As illustrated in Figure 5, when 𝑁 = 1 (1 cycle), 𝐹𝑡 -𝐷
curve (±30 𝜇m) is basically parallelogram at the early stage,
except that under 80 N load is ellipse at the early stage. There
is no change when cycle period reaches 𝑁 = 10 (Figure 5)
and under 20 N load, which indicates that the surface is still
in the elastic area, whereas, when under the loads of 40 N
and 60 N, the 𝐹𝑡 -𝐷 curve transforms from parallelogram into
ellipse gradually; for it is just the early stage of wear period,
there is no obvious change in fretting diagram. When the load
reaches 80 N, obvious elasticity and plasticity transformations
occur on the bone cement surface; yet 𝐹𝑡 -𝐷 curve remains
unchanged. When the cycle period reaches 𝑁 = 100 ∼
1000 (Figure 5), 𝐹𝑡 -𝐷 curves under different loads change
gradually. When under 20 N load, the 𝐹𝑡 -𝐷 curve seems like
parallelogram, while under 40 N and 60 N loads, the curves
will change alternately between parallelogram and ellipse,
which indicates that the wear interface begins to transit from
slippage to partial slippage. Analyzing from Figure 4, we can
find out from the fretting figure in hysteresis loops of 𝑁 =
20, 000 ∼ 40, 000 and under 20 N load that the original
ellipse turns into lines gradually with the influence of cycles,
which illustrates that the straight line slopes in the loading
and unloading process are the same and the wear quantity
remains stable. When under 40 N, 60 N, and 80 N, the 𝐹𝑡 -𝐷
curve has transformed into stable ellipse. When the cycle
period reaches 5,000 cycles, 𝐹𝑡 -𝐷 curve remains stable; the
fretting diagram under 20 N loads is linear while that under
40 N, 60 N, and 80 N turns into stable ellipse.
3.2. Fretting Wear Quantity Analysis of Bone Cement Matrix.
As illustrated in Figure 6, the wear quantity of bone cement
sample increases with adding contact loads in different wear
conditions, amplitudes, and loads. Some researches demonstrated that the proteins in fretting tribological behavior play
a passive role in protecting the wear region [20–28]. Under
the same contact load, the wear quantity of bone cement in
the calf serum is greater than that in the air.
3.3. Morphology Study on Wear Debris
3.3.1. Morphology Study on Bone Cement Wear Debris. After
transplanting the artificial stem into human’s body, for the
extremely rigid biological friction and wear environment on
titanium alloy and bone cement interface, friction interrelated biomechanical changes are unpredictable and the wear
period is relatively long; therefore wear types can be found out
through the study on the interrelated wear debris appearance
produced in friction. As shown in Figure 7, the bone cement
wear debris are in various shapes, including the wear debris
in strip, block, sheet, and ball shape and the different particle
sizes. Some basic rules can be found out that the larger the
size of the wear debris is, the more complicated the surface
becomes, and the appearance of wear debris with smaller
particle size transforms gradually into spherality or near
spherality. After studying and observing the wear debris for
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several times, we find that it is a common and universal rule.
The matrix of wear debris in SEM picture is titanium alloy,
because the wear debris are so small that they could not be
deprived from the friction contact surface.
(I) Spheral Wear Debris. The maximum and minimum debris
sizes of spheral wear debris are basically 10 𝜇m and 1 𝜇m
approximately, which distributes widely and is one kind of
wear debris that exist in greatest amount. It can be found
in Figure 8 that the surface texture of the spheral wear
debris is quite smooth. It is inspected that wear debris with
large particle sizes usually exist in shapes of block, sheet,
or strip, whereas those with small particle sizes tend to
be in spheral or near spheral shapes, which results from
the cooperation of repeated rubbing in the reciprocating
fretting wear and the debris wear, which is formed in the
late period of wear debris abrasion. When the wear debris
accumulate to a certain degree, they will be attached to bone
bed and induce osteoclast activating factor to make broken
bone physiological response under the joint capsule press and
they are the main wear debris that induce hip aseptic joint
replacement loosening.
(II) Tuberous Wear Debris. The length and width ratio of
tuberous wear debris (Figure 9) is nearly 2 𝜇m with the
spindle-shaped or flat tuberous appearance, and obvious lines
rise and fall on its surface. Water prop shaped wear debris
is mainly formed by adhesion wear and is always ripped or
torn in the process, and its particle size is about 5 𝜇m, while
flat wear debris originate from the crack nuclear on friction
surface caused by fatigue stress on the friction interrelated
surface, which rips off at the weak bonding point of bone
cement matrix under the friction interrelated adhesion, and
its particle size is about 2∼20 𝜇m. The debris are formed at
the interface debonding period, attached to the titanium alloy
surface, and are the early product of fretting wear.
(III) Ellipse Wear Debris. The width and length ratio of ellipse
wear debris is from 2 to 5 and the appearance takes the
shape of ellipse (Figure 10). Obvious lines rise and fall on
wear debris surface, which is mainly produced and developed
from bone cement tuberous wear debris. Tuberous debris are
polished into ellipsoid gradually under the reciprocating wear
model and long term three-matrix abrasion, and the ellipsoid
wear debris are the early forms of spheral wear debris with
the particle size of 2 to 15 𝜇m approximately. This type of wear
debris is formed under the repeated roller compacted damage
of large bone cement tuberous wear debris ripped off.
(IV) Lacerated Wear Debris. Lacerated wear debris originates
from the dropping of asperity slippage wear which makes
cracks on matrix surfaces, for wear debris produces in the
same direction with that of crack extension, the existing parts
peel off from matrix under cutting and furrowing, together
with fatigue wear, lacerated wear debris come into being. This
type of debris has irregular and coarse edge line and the
particle size is 5∼35 𝜇m (Figure 11), which is formed at the
fatigue wear stage.

9
Adhesive region

Slippage region

Figure 15: SEM Morphology graph of Ti6Al4V alloy wear debris
group.

(V) Sheet Wear Debris. Sheet wear debris has relatively large
area and small thickness and takes the shape of irregular
polygon (Figure 12). It is mainly because the tiny materials
peel off between surface and subsurface under fatigue effect
and then, attached to material surface, sheet wear debris is
formed after reciprocating press, and its particle size is 20 to
50 𝜇m. This kind of wear debris is formed at the fatigue wear
stage.
(VI) Strip Wear Debris. Pole-shaped wear debris has a
diversified structure in appearance. There are mainly three
formation reasons for strip wear debris; firstly, the matrix
is ripped off the matrix in scraping action; secondly, wear
debris are formed in the friction process; thirdly, sheet
wear debris are rubbed into rope shaped wear debris in
friction interrelated motion, which reflects the motion state
of reciprocating fretting wear, and the length of wear debris
is 15 to 110 𝜇m (Figure 13). It is the derived product of ellipsoid
wear debris and it is formed at the middle and late stages.
(VII) Pole-Shaped Wear Debris. Pole-shaped wear debris
has a diversified structure in appearance, curvy edge line,
and stable surface lines, and its size is 5 to 30 𝜇m. There
are two main reasons for the formation of pole-shaped
wear debris; firstly, debris are produced in thermoplastic
transformation and microcutting. Pole-shaped wear debris
are usually produced in breaking in period with the size
of 10∼50 𝜇m. Secondly, it is formed because of the falling
furrow edge drop in surface cutting, and its size is 10 to
80 𝜇m (Figure 14). Pole-shaped wear debris are generated at
the same stage with strip wear debris and then suffer from
abrasive wear.

3.3.2. Morphology Study on Titanium Alloy Wear Debris. It
can be found in Figure 15 that titanium alloy wear debris
are small in size and most of which take the irregular
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(a)

(b)

Figure 16: Morphology figure of titanium alloy strip wear debris: (a) debris in dry condition; (b) debris calf serum.

(a)

(b)

Figure 17: Morphology figure of titanium alloy spheral wear debris.

(a)

(b)

(c)

(d)

Figure 18: Morphology figure of titanium alloy tuberous wear debris.

Journal of Nanomaterials

11

(a)

(b)

(c)

(d)

(e)

(f)

Figure 19: Morphology figure of titanium alloy lacerated wear debris.

shapes. Though its modulus of elasticity is higher than that
of the bone cement, the inserted metals exist in long-term
complicated fatigue damage conditions, which will accelerate
the crack extension on wear surface and lead to the formation
of wear debris at last and the generation of osteoclast factors.
Therefore, study on titanium alloy wear debris’ forms is quite
significant.
(I) Strip Wear Debris. Strip wear debris is commonly seen in
titanium alloy wear debris group with the size of 10 to 50 𝜇m.
It has rather smooth surfaces and there are various reasons for
its formation. First of all, the previously ripped small titanium
alloy wear debris transform gradually into abrasive wear form
in fatigue wear process. On the other hand, the large sheet
wear debris’ edges are hardened and become thin and sharp

which scrapes titanium alloy matrix in friction process. Such
kind of wear debris has rather sharp wings; the existing wear
debris on friction surface generated in fretting wear process
come into being (Figure 16) at the late stage.
(II) Spheral Wear Debris. Spheral wear debris of titanium alloy
in spheral shape are shown in Figure 17(a) which are small in
size and whose distribution scopes are usually smaller than
15 𝜇m. There are uneven lines on the surface and many debris
gather around. (Figure 17(b)). They are mainly the products
of fatigue wear and adhesion wear caused by the broken large
wear debris which come into being in titanium alloy fretting
wear. In addition, the falling debris cannot escape from wear
region easily and finally the spheral wear debris comes into
being with the size of 1 to 30 𝜇m approximately. This type of
wear debris is formed in the late period of fatigue wear.
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(a)

(b)

(c)

(d)

Figure 20: Morphology figure of titanium alloy sheet wear debris.

(III) Tuberous Wear Debris. Wear debris of this type are
spindle-shaped (Figures 18(a) and 18(b)) or in flat shape
(Figures 18(c) and 18(d)) with a small width and length ratio
and complicated edge outlines, and there are uneven lines
even obvious scars. Spindle-shaped wear debris come mainly
from adhesion wear with a size of 5 to 100 𝜇m, while the
flat wear debris are formed because the crack nuclei formed
on friction surface under the fatigue stress on the friction
interrelated surface peel off and tear away from matrix at
the weak bonding point of matrix materials under the effect
of interface adhesion, and their distribution scopes are 5 to
50 𝜇m. They originate from lacerated wear formation and
come into being at the mid-term stage of fatigue wear.
(IV) Lacerated Wear Debris. Lacerated wear debris are the
products of friction interrelated reciprocating motion with
irregular and coarse surface and uneven lines on the surface
which give people the sense of hierarchy and mainly from the
falling debris from titanium alloy matrix under the fretting
fatigue effect (Figures 19(a) and 19(b)). With the cycle load,
cracks on fatigue wear edges extend in vertical direction with
wear direction (Figures 19(c) and 19(d)). The successive wear
accelerates the ripping of titanium alloy surface and then the
wear debris come into being. The common size distribution
scope is 5 to 50 𝜇m and titanium alloy extends in different
sizes from partial peeling to complete peeling which makes
the wide distribution of wear particle size (Figures 19(e) and

19(f)). This kind of wear debris is formed at the early stage of
fatigue wear.
(V) Sheet Wear Debris. The titanium alloy sheet wear debris
have relatively wide size distribution ranging within the
scope between 5 and 60 𝜇m and smooth surface. There are
two reasons for the formation. On the one hand, the early
stripping tuberous debris of titanium alloy transform and
harden in fretting wear process, and for the hardness and
tension are higher than those of the matrix, therefore this
type of wear debris comes into being. On the other hand, the
fatigue peeling occurs on the wear surface of large titanium
alloy under the effect of fretting wear which is broken into
wear debris in smaller sizes in the reciprocating wear motion
(Figure 20). This type of wear debris originates from tuberous
wear debris and forms at the late stage of fatigue wear.
These results, which were consistent with other clinical
results in other literature, proved that the particles shaped
like spherical, sheet, and so forth were the main reason
why a series of bioresponses like the increase of osteoclast
were induced [32, 33]. Also, through the analysis of the
morphology of wear debris, not only did this paper refine the
research used to be analyzed just from the aspect of size in
clinic but also it provided further analysis of the bioresponses
induced by different morphology and size of the wear debris
with evidence.
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4. Conclusions
In this study, the fretting wear mechanism and debris analysis
at the stem-bone cement interface under fretting wear were
investigated through a series of frictional tests. The following
conclusions can be drawn from this work.
(1) Compared with hysteresis loops under different loads
and displacements, the result shows that elasticity
and plasticity performance of the frictional interface
materials can be damaged by fretting fatigue. In
addition, material energy dissipation will increase
periodically.
(2) The wear quantity of the bone cement is mainly influenced by load and displacement. As load increases,
the albumin passive film gradually fails to protect
the wear interface. The maximum of the wear loss
between stem and bone cement for displacement
100 𝜇m and load 80 N could reach 1.997 mg.
(3) Bone cement wear debris’ size distribution is relatively
widely spread from 1 to 110 𝜇m. The bone cement
wear debris in tuberous, tear, and sheet shapes are
formed at the early interface ripping stage, while sheet
and strip wear debris will be affected by fatigue wear
and reciprocating acts, respectively. The spheral wear
debris is the main wear debris. Titanium alloy wear
debris’s size ranges from 5 to 150 𝜇m, and tuberous
and sheet wear debris are formed at the early and
middle stage. Tear-shaped wear debris are affected
by fatigue wear while sphere and trip wear debris
are formed at the late stage under the influence of
wear acts. In this paper, fretting wear properties and
morphology and the size distribution of the wear
debris were detected in fretting wear test [32–39],
which was consistent with the results of the size of
wear debris in other literature. Moreover, different
morphology of titanium alloy and bone cement debris
was listed in this paper according to the classification
of morphology, which served as a complement in this
research.
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Mesocrystal formation is one of the new paradigms of the nonclassical crystallization, where the assembly of crystal domains
is observed. Also, it has been recently employed in studies on drug formulation to utilize controlled dissolution of the drug
domains. In this report, ibuprofen was attempted to form hybrid mesocrystals with calcium carbonate crystals. Two polymorphs
of calcium carbonate (aragonite and calcite) were used during the solid-state process of ball milling. Structural analyses confirmed
the mesocrystal formation of ibuprofen with aragonite but not with calcite. The origin of the observed behavior was found from
the higher affinity of ibuprofen to aragonite, especially its (0 1 0) surface, compared to calcite. The hybrid mesocrystals of ibuprofen
and aragonite showed the environment-responsive release behavior, where the stability of aragonite was the controlling factor for
the release kinetics of ibuprofen.

1. Introduction
Mesocrystals are increasingly found as the products of
nonclassical crystallization in the diverse fields of materials
[1]. The examples are especially abundant in biological and
bioinspired crystallization. For example, the nacre of red
abalone is constructed as the layers of microcrystals that are
also the assembled structures of nanocrystals [2, 3]. Similar
findings have been seen in the nacre of giant oyster, the
spicules of calcareous sponges, and the skeletal structure of
sea urchins [4–6] In addition, synthetic mesocrystals inspired
by biomineralization have been reported in the solution
crystallization, where the crystal assembly was through interparticle interactions and/or heterogeneous nucleation [7–10].
Controlled release has attracted great interest in the pharmaceutical research. The basic notion is to maintain the drug
concentration in blood above the effective level and below
the safe concentration for a sustained period of time, and
many efforts have been made at the same time to develop
environment-responsive systems that satisfy the specific
needs of the drugs [11]. Mesocrystals have been also explored
in this regard to control the dissolution rate of the active pharmaceutical ingredients (APIs). For example, the sustained

release of carbamazepine and adefovir dipivoxil was associated with their mesocrystal formation induced by polymeric
additives [12, 13]; the enhanced release of ibuprofen was found
for its mesocrystals formed with sodium dodecyl sulfate [14].
Mechanical milling was utilized to prepare hybrid structures of APIs with inorganic materials, such as silica, magnesium aluminosilicate, aluminum silicate, and aluminum
hydroxide, to alter the physicochemical properties of the
APIs [15–18]. It has been also extensively explored in recent
years to prepare cocrystals and solvates/hydrates of APIs, and
the solid-state process without or minimal use of solvents
makes it attractive as a greener process than conventional
procedures [19–22].
In the present study, we have attempted a simple method
of ball milling to prepare hybrid mesocrystals of ibuprofen
(IBU) and calcium carbonate. We explored two anhydrous
polymorphs of calcium carbonate (calcite and aragonite)
since the distinctive molecular arrangements of the active
surfaces could contribute to the different interactions with
IBU. Also, the pH-responsive dissolution behaviors of the
mesocrystals were expected because of the high and sparing
solubility of calcium carbonate at low and neutral pH, respectively [23].
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2. Materials and Methods
2.1. Preparation of Calcite and Aragonite. Two polymorphs
of anhydrous calcium carbonate were prepared following a
method using water-alcohol mixtures [24]. To obtain calcite, sodium carbonate (26.0 mmol, 2.75 g: Na2 CO3 : ≥99.0%,
Sigma-Aldrich, Milwaukee, WI, USA) was completely dissolved in the solution of 100 mL ethanol (HPLC grade, 99.0%,
Samchun, Pyeongtaek, South Korea) and 900 mL deionized
water (DI water: resistivity of 18.2 MOhm⋅cm, Direct-Q
from Millipore, Billerica, MA, USA) contained in a 1000 mL
volumetric flask at room temperature (ca. 25∘ C), and then
calcium chloride (26.0 mmol, 2.89 g: CaCl2 : 99+%, SigmaAldrich, Milwaukee, WI, USA) was added to the solution.
The solution was vigorously mixed at all time with a stir bar
(length, 30 mm) equipped with a magnetic stirrer (HS180,
Misung Scientific Co., Seoul, South Korea). The procedure
to obtain aragonite was the same as that for calcite except
that 50 vol% ethanol (500 mL ethanol and 500 mL DI water)
was used. After 24 h, the precipitated products were collected
by vacuum filtration (number 20 filter paper, pore diameter
5 𝜇m, Hyundai Micro, Seoul, South Korea), washed with DI
water, and dried in a convection oven at 40∘ C for 12 h before
further use.
2.2. Ball Milling IBU with Calcite and Aragonite. Ibuprofen
(IBU: >98%) was used as obtained from Sigma-Aldrich
(Milwaukee, WI, USA). IBU (100 mg) was ball-milled with
calcite or aragonite (100 mg) at the frequency of 10 Hz, and
the milling time was 120 or 240 min. For the procedure, a
Retsch ball mill (MM 200, Haan, Germany) was used with
a cylindrical stainless steel jar (about 25 mL; inner diameter
ca. 26 mm and inner length ca. 52 mm) and two stainless
steel balls (diameter, 9 mm), which was often utilized in
pharmaceutical grinding [20]. The ball-milled products were
immediately used for further characterization.
2.3. Characterization of Raw and Ball-Milled Materials. Morphologies of IBU, calcite, aragonite, and ball-milled products
were characterized using field-emission scanning electron
microscopy (FE-SEM: JSM-6700F, JEOL, Tokyo, Japan) after
thin Au coating (Cressington Sputter Coater 108, Watford,
UK) to minimize surface charging. The materials were also
characterized in their crystal structures using powder Xray diffraction (XRD: D2 PHASER, Bruker AXS, Billerica,
MA, USA). XRD was performed with CuK𝛼 radiation (𝜆 =
1.5406 Å at 30 kV, 10 mA) in the 2𝜃 range of 5–40∘ (scanning
rate, 1∘ /min). Fourier transformation infrared spectroscopy
(FT-IR) was performed using a Cary 660 FTIR Spectrometer
(Agilent Technologies, Santa Clara, CA, USA). KBr (FT-IR
grade, ≥99%, Sigma-Aldrich, Milwaukee, WI, USA) discs
were prepared for the transmission mode, where the IR
spectra were collected in the wavenumber range of 4000–
400 cm−1 .
Thermal analyses were performed via differential scanning calorimetry (DSC: DSC 821e, Mettler-Toledo, Columbus, OH, USA) and thermogravimetric analysis (TGA:
TGA/SDTA 851e, Mettler-Toledo). DSC was to check the
crystalline state of IBU, and it was precalibrated for enthalpy
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and temperature using indium. The scanning for the IBU
containing samples (2-3 mg each in a hermetically sealed
aluminum crucible) was from 25 to 100∘ C with a heating
rate of 10∘ C/min, and DSC experiments were repeated in
triplicate for each sample. TGA was performed from 25 to
900∘ C with a scanning rate of 10∘ C/min (10–15 mg each in
an open alumina crucible). Both DSC and TGA were under
nitrogen environment.
Release behaviors of IBU were studied at pH 1.2 (corresponding to the gastric fluid) and 6.8 (corresponding to
the intestinal fluid) using buffer solutions of HCl–KCl and
phosphate, respectively [25, 26]. Powders containing IBU
(5 mg for IBU only; 10 mg for ball-milled samples of IBU
and calcium carbonate) were placed in a 300 mL solution
(500 mL round bottom flask) at 37∘ C, and the mixture was
stirred at 200 rpm using an overhead stirrer (HS-30D, Wisd
Laboratory Instruments, Wertheim, Germany). To analyze
the concentration of IBU in the solution, 3 mL samples were
removed after 5, 10, 20, 30, 60, 120, and 180 min, and the
solution was refilled immediately with the original buffer
solutions to keep the volume of the solution constant. The
solution sample removed at a given interval was filtered
through a cellulose acetate filter (pore size 0.45 𝜇m, MFS13, Advantec, Tokyo, Japan), and its UV absorbance was
measured at 222 nm (Optizen POP, Mecasys, Daejeon, South
Korea) where the absorbance was at its maximum. The UV
absorbance was then converted to the concentration using
a preconstructed calibration curve. The release experiments
were independently repeated in triplicate for each sample.
2.4. Computational Calculations of Binding Energy. The binding energy of IBU on the surfaces of aragonite and calcite
was calculated using the Materials Studio simulation software
(version 7.0) from Accelrys (San Diego, CA, USA) equipped
with Forcite module and COMPASS force field [27], which
was known for being effective for the calculations of the
binding on calcium carbonate [28]. The (0 1 0)/(1 1 0)
faces of aragonite and the (1 0 4) of calcite were selected as
the adsorption surfaces based on the previous morphological
observations [10, 24, 29]. Electrostatic energy terms were
treated using Ewald summation method, and van der Waals
energy was calculated with a cutoff distance of 12.5 Å using
an atom-based summation method. The crystal structures
of aragonite and calcite were obtained from the previous
publications [30, 31], and the partial charge was force-field
assigned. The initial geometry optimization and the charge
assignment of IBU were also performed before adsorption
simulation. The adsorption surfaces of calcium carbonate
crystals were cleaved with thickness of 17 Å, which were
then expanded over 40 Å × 40 Å. The centers of geometry of calcium and carbonate were considered for them
to be included in the cleaved slab. After placing the IBU
molecule at the center of the surfaces, Forcite quench (5 ps
with 1 fs step) was performed to find the structure of the
minimum energy. The NVT ensemble (Nosé thermostat) was
used at 303 K reflecting the measured temperature during
the ball milling process [32]. Among the 5,000 different
structures, the structures at every 500 frames were quenched
and optimized. The binding energy (𝐸𝑏 ) was calculated for
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Figure 1: SEM images of ibuprofen (a), aragonite (b), and calcite (c) crystals. The scale bar of the inset of (b) is 1 𝜇m.

the minimum energy structure of each surface: 𝐸𝑏 = 𝐸𝑡 −
(𝐸𝑖 + 𝐸𝑠 ), where 𝐸𝑡 , 𝐸𝑖 , and 𝐸𝑠 are the total energy, the energy
of adsorbed IBU, and the energy of surface, respectively.

3. Results and Discussion
3.1. Structures of Ball-Milled IBU with Calcite and Aragonite. The IBU crystals before milling as well as synthesized
polymorphs of calcium carbonate (calcite and aragonite)
were shown in Figure 1. The IBU crystals were plate-shaped
with their length of about 100–200 𝜇m (Figure 1(a)). They
were of typical morphology as previously observed: the large
{1 0 0} faces and the {0 0 1}, {1 1 0} side faces [33, 34].
The crystal shapes of the synthesized polymorphs of calcium
carbonate were also of routinely observed morphology. The
aragonite crystals were needle-shaped with their length of
about 2–5 𝜇m (Figure 1(b)). As shown in the inset, the
aragonite needle was composed of submicron domains, and
this observation was in agreement with the previous study
using the same synthesis method [24]. The utilized method
is known to generate {1 1 0} and {0 1 0} faces of aragonite
as the enclosing surfaces, and the {0 1 0} is also the distinct
cleavage plane [24, 29]. The calcite crystals were rhombohedral with most of their size at 1–5 𝜇m (Figure 1(c)). The
enclosing surfaces of the rhombs are known as the {1 0 4}
faces, which are also the perfect cleavage planes [10, 29, 35].
When IBU was ball-milled with the crystals of calcium
carbonate, significant differences were observed between
the cases with aragonite and calcite. When IBU was ballmilled with aragonite, the aragonite needles were mostly

disassembled into their individual submicron domains (Figures 2(a) and 2(b)), although some needle-shaped parts
could be found (arrowheads of Figures 2(a) and 2(b)). More
importantly, IBU and aragonite formed tightly integrated
mesocrystal structures of the overall size about 4–10 𝜇m. (In
the case of IBU/aragonite milling, the microscopic examination did not reveal clear differences between the 120- and
240-minute samples.) In contrast, IBU ball milled with calcite
did not show mesocrystal formation. IBU and calcite mostly
remained as separate entities, although a small part of them
appeared associated as indicated by the arrowheads of Figures
2(c) and 2(d). Note that calcite was easily distinguishable
because of its {1 0 4} cleavage surfaces. (In the case of
IBU/calcite, the calcite appeared more fractured and smaller
after the 240-minute milling than after 120 min.)
XRD analysis confirmed the nearly exclusive formation of
calcite and aragonite during the preparation step (Figure 3).
The prominent diffraction peaks of aragonite were shown
at ca. 26.0, 27.0, 35.9, and 38.2∘ for the {1 1 1}, {0 2 1},
{2 0 0}, and {1 3 0} planes, respectively (Figure 3(a)) [36].
Those of calcite were at ca. 22.6, 29.0, 35.6, and 39.0∘ for
the {0 1 2}, {1 0 4}, {1 1 0}, and {1 1 3} planes, respectively (Figure 3(b)) [36]. (Note that the calcite {1 0 4} peak
existed in negligible intensity in the aragonite batch.) The
polymorphs of aragonite and calcite were also distinguishable
using FT-IR analysis (Figure 4). The former had characteristic
doublet peaks at 700 and 713 cm−1 as well as peaks at 1082 and
1786 cm−1 (Figures 4(a) and 4(b)), whereas the latter had a
singlet at 711 cm−1 , nothing around 1080 cm−1 , and a peaks at
1799 cm−1 (Figures 4(c) and 4(d)) [37–39].
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Figure 2: SEM images of IBU/aragonite after ball milling for (a) 120 and (b) 240 min; IBU/calcite after ball milling for (c) 120 and (d) 240 min.
Arrowheads of (a) and (b) indicated the aragonite needles, and those of (c) and (d) indicated IBU. Also shown in the insets of (a) and (b)
were the submicron domains as well as the needles of aragonite integrated with IBU.
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Figure 3: XRD patterns of IBU/aragonite (a) and IBU/calcite (b) before and after ball milling.

Ball milling did not alter the structures of IBU crystals
significantly enough to generate new XRD diffraction peaks
from different crystal structures (Figure 3). Major XRD
diffraction peaks of IBU were at ca. 16.4, 18.7, 19.8, and 21.9∘ for

{2 1 0}, {2 0 −2}, {0 1 2}, and {2 0 2}, respectively [40].
All major diffraction peaks were the same after ball milling,
although some alterations in the intensity, most noticeably
the increased relative intensity of {0 1 2} peak at ca. 19.8∘ ,
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Figure 4: IR spectra of IBU/aragonite before and after ball milling (a); aragonite (zoomed in between 1100 and 650 cm−1 ) (b); IBU/calcite
before and after ball milling (c); calcite (zoomed in between 1100 and 650 cm−1 ) (d).

indicated the changes in the crystal morphology. In addition,
the analysis of the full width at half maximum (FWHM) was
in agreement with the microscopic observation. The FWHM
was analyzed based on the relatively intensified {0 1 2} peak.
The FWHM was about 0.11∘ before milling, and it increased
after milling with aragonite or calcite. The FWHM values
were 0.16 and 0.17∘ after 120 and 240 min of milling with
aragonite, respectively. They were 0.17 and 0.19∘ after 120 and
240 min with calcite, respectively. Since FWHM is inversely
proportional to the crystallite size, the analysis indicated the
size decrease of the IBU crystallite with ball milling [41].
Note that the {0 1 2} plane is parallel to the a-axis, which
is also perpendicular to the large {1 0 0} face of the plateshaped IBU crystals before milling (Figure 1(a)) [33, 34].
This suggested that breakage occurred in the perpendicular

direction of the large face as would be expected from the
original shape of the crystals.
The interactions between IBU and calcium carbonate
were further examined with FT-IR and molecular dynamics.
FT-IR showed that one of the carbonate-related peaks of aragonite noticeably changed after milling with IBU (Figure 4(a)).
The frequency corresponding to asymmetric stretching was
at 1495 cm−1 [37], and it became 1485 and 1481 cm−1 after
120 and 240 min of milling with IBU, respectively. In contrast, the corresponding change appeared absent for calcite
(Figure 4(b)). Also, note that the change on the IBU side,
including that for the carbonyl peak at 1720 cm−1 , was difficult
to find.
The fundamental aspects of IBU interaction with aragonite and calcite were investigated by studying the binding
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Figure 5: Binding conformation of IBU on the surfaces of aragonite (0 1 0) (a); aragonite (1 1 0) (b); calcite (1 0 4) (c).

energy and structures. The binding energy of IBU on the mineral surfaces was in the following order: aragonite (0 1 0),
|–212 kcal/mol| ≫ aragonite (1 1 0), |−63 kcal/mol| > calcite
(1 0 4), |−44 kcal/mol|, and the binding was predominantly
of electrostatic nature in all cases. The corresponding binding
conformations of IBU to the surfaces were shown in Figure 5.
The binding differences seemed to originate from the dissimilar atomic arrangements of the surfaces. Each calcium ion
of aragonite and calcite in bulk was coordinated with nine
and six oxygens, respectively; the surface calcium of (0 1 0)
and (1 1 0) lacked three coordinating oxygens out of nine,
whereas that of (1 0 4) was short of only one oxygen out of
six. This appeared to allow stronger electrostatic interactions
of surface calcium of aragonite with the oxygens of IBU.
In addition, the subtle differences in the two-dimensional
periodic structures between (0 1 0) {4.961 Å × 5.740 Å}
and (1 1 0) {4.694 Å × 5.740 Å} appeared to contribute
to the differences of the IBU binding conformations and
interactions.
Overall, the IR analysis and the computational study of
the binding indicated the higher affinity of IBU to aragonite
compared to calcite. This was consistent with the microscopic
observation, where the intimate association of IBU was found
with aragonite but not with calcite.
3.2. Properties of Ball-Milled IBU with Calcite and Aragonite.
Thermal properties of IBU ball milled with calcium carbonate
were examined with DSC. The melting point of IBU was
about 77∘ C before milling. It became about 74 and 73∘ C
after 120 and 240 min of milling with aragonite; it was about

76 and 75∘ C after 120 and 240 min of milling with calcite
(Figure 6(a)). The melting enthalpy showed greater changes
(Figure 6(b)). The reported enthalpy was the normalized
value based on the TGA analysis, which revealed the exact
amount of IBU in the hybrid sample. (Calcium carbonate,
both aragonite and calcite, started to experience weight loss
at around 600∘ C to eventually leave ca. 56% of the original
weight. This corresponded to the formation of calcium oxide
by losing carbon dioxide; IBU decomposed nearly completely
below 300∘ C to leave less than 1% of the original weight.)
The melting enthalpy of IBU was about 172 J/g before milling.
It became about 162 and 126 J/g after 120 and 240 min of
milling with aragonite; it was about 173 and 151 J/g after 120
and 240 min of milling with calcite. Overall, the decrease of
melting point and enthalpy of IBU was observed after milling,
which was probably due to the decrease of the crystal size and
crystallinity [42, 43]. Also, the effect of aragonite was more
significant than that of calcite, which was in accordance with
the structural analysis in the previous section.
Release behaviors of IBU from the ball-milled IBU/
aragonite and IBU/calcite were studied at pH 1.2 and 6.8
(Figure 7), where the change of pH during the release was
less than 0.1 in all cases. The release behavior from the
IBU/aragonite hybrid was pH responsive. After milling for
240 min, the initial release (<30 min) accelerated at pH 1.2,
while it decelerated at pH 6.8, compared with neat IBU.
This was apparently due to the high solubility of aragonite
at low pH [23], combined with its intimate association with
IBU. Note that 120-minute milling was not as effective at
pH 1.2, while its deceleration effect at pH 6.8 was valid. In
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Figure 6: (a) Melting points and (b) melting enthalpy of IBU/aragonite and IBU/calcite after ball milling.
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Figure 7: IBU release profiles at pH 1.2 and 6.8 from ball-milled IBU/aragonite (a) and IBU/calcite (b).

contrast, ball milling of IBU with calcite was not effective
in modulating the release rate. Overall, the release behaviors
of IBU confirmed that they could be adjusted only when
IBU was intimately associated with the ball-milled substrate.

When the substrate was rapidly soluble, the IBU release was
expedited; when the substrate was marginally soluble, the
release slowed down. Further studies on the quantitative
analysis of the release kinetics and on the extended release
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behavior with the fine-tuned structures would be necessary
to establish the utility of the mesocrystals in the controlled
drug release.

4. Conclusions
In summary, two anhydrous polymorphs of calcium carbonate (aragonite and calcite) were employed during ball
milling of IBU to generate IBU/calcium carbonate hybrid
materials. Aragonite polymorph was intimately integrated
with IBU to form a mesocrystal-like structure, whereas calcite
did not seem to be as effective under the experimental
conditions employed in the present study. Aragonite and IBU
kept their original crystal structures within the mesocrystals,
although morphological variations occurred. Aragonite/IBU
interaction was verified by the changes in the IR vibration
of the carbonate of aragonite, and its strong nature was corroborated by the binding energy computationally obtained.
The IBU fused with aragonite showed modulated thermal
behavior, further confirming the observed structures. Finally,
the IBU release behavior could be regulated through the
conditions affecting the aragonite substrate. The IBU release
sped up under the conditions disintegrating aragonite, and
it slowed down when aragonite was stable. The present
study indicates that the substrates that disintegrate at specific
conditions can be utilized for the environment-responsive
release of APIs. For this purpose, it also appears that the
substrates need to form intimately associated structures with
APIs to be delivered.
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Artemia egg shells have an asymptotic sized pore structure (pore diameter: 500 nm–2500 nm), which could be used as a porous
carrier for the preparation of nanocomposite materials. The objective of the present study was to prepare shell-supported TiO2
using a naturally porous carrier, Artemia egg shell, and to exhibit a case study of shell-supported TiO2 for formaldehyde removal.
Characterization of shell-TiO2 using SEM-EDS, TEM, and XRD proved that Artemia shell with asymptotic reduction pores
(pore diameter: 500 nm–2500 nm) can be used as the carrier for nanocomposite materials. Artemia egg shell-supported TiO2 in
polycrystalline-like nanostructures can be used for the high efficiency removal (adsorption and degradation) of formaldehyde under
visible light. Our results suggest that iron, one of the shell’s components, should broaden the absorption of visible light and enhance
the photocatalytic efficiency of nanotitanium dioxide under visible light. Due to their interesting absorption and formaldehyde
removal qualities, Artemia egg shell, as a novel naturally porous carrier for nanocomposite materials preparation, especially in the
preparation of nanocatalysts, is worthy of further study.

1. Introduction
The rapidly advancing field of nanotechnology has great
promise for environmental remediation [1–6]. Supporterimmobilized inorganic adsorbents are one of the main environmental applications of nanotechnologies that attempt to
solve the existing problems of neat nanoparticles [2, 4, 7] such
as poor mechanical strength, pore collapsing, particle crush,
and particles flowing away. In previous studies, researchers
have loaded zirconium, iron, and cadmium onto the porous
surfaces of collagen fibers, zeolite, polymer, ceramics, activated carbon, and other porous materials as a functional composite adsorbent and examined the adsorbent function for
the removal of pollution [1–6]. In these studies, it was proved
that the adsorptive function of composite adsorbent-based
carriers is more efficient than nano-inorganic adsorbents
alone [4–7]. Moreover, different carrier-supported materials showed different material-dependent performances [2].
These issues of differing performances mean that the carrier

selected to support inorganic adsorbents became the main
problem.
Artemia, member of the crustacean subphylum, mainly
live in coastal waters, salt ponds, and plateau salt lakes.
Artemia are globally plentiful and it has been recorded
that their habitats encompass about 600 localities around
the world [8, 9]. The annual harvest yield from natural
and aquacultural sources of living Artemia and Artemia
eggs is about 15000 t and 300–500 t, respectively, in China
alone. Unique multipore layers in Artemia egg shells have
been reported [9–13], and researchers have documented
that the pores of Artemia egg shells appeared to have an
asymptotic size distribution (diameter: 500 nm–2500 nm) [9,
13]. In addition, Artemia egg shells have multiple outstanding capabilities such as nice biocompatibility, environmentally friendly characteristics, and excellent stability [14, 15].
However, when Artemia egg was hatched for aquacultural
living food, Artemia egg shells have been disposed of as a
waste. Artemia egg shells, with their novel naturally porous
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structure, are worthy of further study as the carrier for
nanocomposite materials in pollution removal applications.
Indoor air pollution presents an important domestic environmental concern [16, 17], since people are decorating their
living spaces with plywood, coating materials, paint, and the
other materials that may contain volatile organic compounds
(VOCs), such as formaldehyde, benzene, and ketones. These
VOCs being released from decorative materials pollute the
indoor air and harm the health of inhabitants. This indicates
a clear need for novel indoor air pollution remediation
technologies.
One of the nano-inorganic adsorbents most commonly
used in indoor harmful gas removal is nanoscale titanium
dioxide (nano-TiO2 ) because of its adsorption properties and
degradation as a photo-catalytic [18]. Theoretically, nanoTiO2 could provide more active surface sites for photodegradation through diffusion [19]. However, ultra-fine TiO2
powders with large specific surface areas agglomerate easily,
and its adverse effect on their catalytic performance has been
observed [19, 20]. Therefore, carrier-supported TiO2 could be
used to avoid the defects stated above.
In the present paper, the composite materialswere fabricated by loading nano-TiO2 onto the porous surface of
Artemia egg shells and a case study of Artemia egg shellsupported TiO2 for formaldehyde removal was actualized.

2. Materials and Methods
2.1. Materials. Artemia shells were collected from the Beidaihe Central Experiment Station of the Chinese Academy
of Fishery Science. Before the experiments, shells were
subjected to flushing with freshwater to remove the residual
impurities (including salts). All treated shells were rewashed
with deionized H2 O until they reached a constant neutral pH
in the range of 6.8–7.2 and vacuum desiccated at 70∘ C for
24 hr until reaching a constant weight.
All chemicals are of analytical grade from Aladdin
Reagent Station (Beijing, China), and the orthophosphate
solution (1000 mg/L) was prepared by dissolving KH2 PO4
into the deionized water.
2.2. Preparation of Shell-TiO2 Composite Materials. For shellTiO2 composite materials fabrication, 0.2 g of egg shells was
immersed in a mixture of blended 5 mL butyl titanate, 20 mL
absolute ethyl alcohol, and 0.5 mL hydrochloric acid (37%).
Hydrochloric acid was used to prevent the butyl titanate
from hydrolyzing in the absolute ethyl alcohol before the
titanate could get into the egg shells. The egg shell mixture
was dispersed by ultrasound (40 KHz, 50 W, 50∘ C) for 2 hr.
Then, the butyl titanate-sucking egg shells were screened and
washed with absolute ethyl alcohol and put into a 5% NaOH
solution with magnetic stirring. The NaOH solution was used
to accelerate the hydrolysis of the butyl titanate-sucking egg
shells. After being screened and washed by the deionized
H2 O, egg shells with TiO2 (the product of the hydrolysis) were
desiccated at 80∘ C for 24 hr until reaching a constant weight.
The calcination of shell-TiO2 was carried out under an anoxic
environment inside a Muffle Furnace at 500∘ C for 2 hr.
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2.3. Characterization of Shell-TiO2 Composite Materials. The
morphology and property characterization of shell-TiO2
composite materials were completed using a field emission
scanning electron microscope (SEM) with an energy dispersive X-ray spectrometer (EDS). All SEM specimens were
mounted on standard copper stubs, coated with a layer of
gold/palladium about 5 nm think, and observed under SEM
(S-4800 II, Hitachi, Japan). The chemical composition of
the composite materials was characterized by EDS (Horiba,
Japan), which was typically performed at an accelerating
voltage of 20 kV, using an Oxford Link-ISIS X-ray EDXS
microanalysis system attached to the SEM.
The TiO2 particles loaded onto the porous surface of
Artemia egg shells were observed with a transmission electron microscope (TEM). TEM images were recorded using a
high-resolution transmission electron microscope (HRTEM,
JEM2010) equipped with a Gatan CCD camera and working
at an accelerating voltage of 20 kV.
The crystalline of TiO2 particles loaded onto the porous
surface of Artemia egg shells was characterized by X-ray
diffraction (XRD) using an XTRA X-ray diffractometer
(Rigaku Inc., Tokyo, Japan). The XRD pattern was obtained
using CuK𝛼 radiation with an incident wavelength of
0.1542 nm under a voltage of 40 kV and a current of 30 mA.
The scan rate was 0.02∘ /min.
The control group for the above procedures was neat
Artemia egg shells (no TiO2 ) and was treated the same way
as the shell-TiO2 composites.
2.4. Formaldehyde Removal Experiments. The removal of
formaldehyde using shell-TiO2 composite materials was carried out in an illumination culture box (GXZ-280A, Ningbo
Jiangnan Co., Zhejiang, China). 0.5 mL of 36% formaldehyde was dropped into a narrow-mouth bottle (10000 mL);
after formaldehyde inpouring, the narrow-mouth bottle was
sealed with a silicon stopper and parafilm. A uniform
rubber tube was passed through the silicon stopper before
formaldehyde inpouring, and the rubber tube was linked
with a KC-6D air sampler (Laoshan Electron Instrument
factory, Qingdao, China). A clamp was clamped to the rubber
tube between the bottle mouth and the air sampler for
sample control. The sealed narrow-mouth bottle was placed
in darkness at 25∘ C for 5 days (until the formaldehyde
volatilized evenly). For formaldehyde removal, 0.25 g of shellTiO2 composite material was spread evenly on a glass plate
with double sided adhesive tape. Next, the glass plate with
the shell-TiO2 composite material coating was put into the
formaldehyde-bottle, which was then airproofed again. Air
samples (flow rate: 0.2 L/min and sample time: 1.5 min) were
taken from each test bottle at intervals of 1 hr by the air
sampler, and the removing rate was assayed by the phenol
reagent spectrophotometric method.
Formaldehyde removal (%) was calculated by
𝐶𝑡 − 𝐶0
× 100%,
𝐶𝑡

(1)

where 𝐶0 is the initial of formaldehyde concentration in
narrow-mouth bottle and 𝐶𝑡 is the formaldehyde concentrations at the time of sample taken.

Journal of Nanomaterials

3

Spectrum 1

Electron image 1

(a)

(a)
(B)

Ca

Spectrum 1

Fe
Cu

S

Ca

2

0

Fe

4

Cu

6

8

10

12

14

(keV)
Full scale 16367 cts cursor: 0.000
(b)

(b)

Figure 1: SEM images of (a) neat Artemia egg shell and (b) the shellTiO2 composite material.

The experiment was conducted in 2 replicates. One set
of the formaldehyde removal experiments was carried out in
darkness at 25∘ C; another set was actualized at 25∘ C under
continuous illumination (about 1500 lx).

Spectrum 1

2.5. Data Analysis. Statistical analysis for formaldehyde
removal was performed by SPSS 11.0 statistical software.
Means were analyzed by descriptives and data are expressed
as mean ± sem (𝑛 = 3).
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3. Results and Discussion
3.1. Characterization of Shell-TiO2 Composite Material. The
shell-TiO2 composite material prepared in the present study
was characterized by SEM-EDS, TEM, and XRD analysis. As
depicted in Figure 1(b)(B), the porous region within the shellTiO2 composite material was filled up with TiO2 particles.
Comparatively, the surface topography of the neat Artemia
shell showed a smooth surface without any decorations
(Figure 1(a)). This suggests that TiO2 particles have considerably filled the pores of the Artemia egg shells.
Titanium element scanning of the cross section with
SEM-EDS (Figures 2(a)–2(d)) further demonstrates that the
TiO2 particles were fabricated in the porous region of the
Artemia shells. The spectrum of the shell-TiO2 composite
material shows the relative elemental abundance of titanium
at high levels (Figures 2(c), and 2(d)), whereas the “site of
interest 1” spectrum of neat Artemia shell (Figures 2(a), and
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Figure 2: Representative SEM-EDS images and spectra highlighting
titanium levels: SEM image of Artemia egg shell (a) and EDS element
scanning of a cross section (b); SEM image of shell-TiO2 composite
material (c) and EDS element scanning of a cross section (d).
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Figure 3: TEM images and XRD patterns of TiO2 loaded onto the porous surface of Artemia egg shell: (a) TEM image of TiO2 loaded onto
the porous surface of Artemia egg shell; (b) XRD patterns of TiO2 loaded onto the porous surface of Artemia egg shell; (B1) neat Artemia egg
shell; (B2) standard card of anatase; (B3) standard card of rutile; and (B4) standard card of brookite.

2(b)) shows that there is no titanium in the shell pores.
It appeared that the analysis of SEM-EDS corroborated
the observations seen in the SEM images. The SEM image
of shell-TiO2 (Figure 2(c)) shows that the TiO2 particles
can be found everywhere within the shell pores especially
when compared with the SEM image of neat Artemia shell
(Figure 2(a)). The coverage of TiO2 particles, spreading all
over the porous region, implies that the diffusion of butyl
titanate for TiO2 formation into the deep area (the minimum
pores layer) of the shell might not be restrained by pore
clogging.
TEM images (Figure 3(a)) of shell-TiO2 showed that TiO2
significantly filled pores as nanoparticles with a size less
than 50 nm. The X-ray diffraction spectra (Figure 3(b)) of
the shell-TiO2 and neat shell (Figure 3(B1)) suggest that TiO2
nanoparticles filling shell pores were in several crystal forms.
Peaks a1, a2, a3, and a4 in the angle region (2𝜃 values,
25.3, 36.9, 48.0, and 68.8∘ , resp.) correspond to the XRD
standard peaks for anatase (Figure 3(B2)). Peak b in the angle
region (2𝜃 values, 44.1∘ ) corresponds to the XRD standard
of rutile (Figure 3(B3)). Peaks c1, c2, and c3 in the angle
region (2𝜃 values, 30.8, 32.8, and 52.0∘ , resp.) correspond
to the XRD standard of brookite (Figure 3(B4)). The other

peaks, unsigned in the curve (Figure 3(b)), also correspond to
the amorphous forms for TiO2 according to standard cards.
Based on the results of TEM and XRD, it seems that the TiO2
loaded within the shell pores are mainly in polycrystallinelike nanostructures.
3.2. Formaldehyde Removal Results. Formaldehyde removal
percentage during the 10 hr experiment is shown in Figure 4.
The formaldehyde removal percentages at the end of the
experiments (10 hr) under both conditions (under continuous illumination at 25∘ C and under darkness at 25∘ C) were
(70.5 ± 1.2)% and (55.4 ± 1.4)%, respectively. It was obvious
that FREI (formaldehyde removal experiments that were
carried out under continuous illumination at 25∘ C) was more
efficient than the FRED (formaldehyde removal experiments
that were carried out under darkness at 25∘ C). The formaldehyde removal percentage of FREI was rising continuously
during all stages of the experiment, and the formaldehyde
removal percentage of FRED was almost constant from 4 hr
to 10 hr, though the formaldehyde removal percentage under
both conditions did increase markedly during the first three
hours (1–3 hr). It should be noted that the formaldehyde
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formaldehyde removal (adsorption and degradation) under
visible light. Our results would suggest that iron, as one of
the shell’s natural components, should be associated with
the photocatalytic performance of shell-TiO2 composites. To
prove that natural iron in shells broadens the absorption
of visible light and enhances photocatalytic efficiency under
visible light, detailed research should be carried out in future
studies.
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Figure 4: Formaldehyde removal percentages. FREI: formaldehyde
removal experiments carried out under continuous illumination
(about 1500 lx) at 25∘ C; FRED: formaldehyde removal experiments
carried out under darkness at 25∘ C.

was only adsorbed during the FRED experiments, whereas
both adsorption and degradation occurred in the FREI
experiments.
It has been known that the superior photocatalytic ability
of nano-TiO2 is due to the decomposition of organic contaminants under the UV light [21, 22]. However, its practical
application is limited due to the need for an ultraviolet excitation source (which accounts for only small fraction of solar
light) [23]. In order to extend the photoresponse of TiO2 to
the visible region, expand the application of TiO2 , and make
an efficient utilization of solar energy, researchers have doped
some elements into the nano-TiO2 matrix. It was proven that
Fe-doped nanotitanium dioxide can widen the absorption
of the visible light range, enhance the utilization efficiency
of visible light, and improve the catalytic performance of
nanotitanium dioxide [23, 24]. In the present study, it happens that iron is one of components of Artemia egg shells
(Figures 2(b), and 2(d)), and the formaldehyde degradation
experiment involving shell-TiO2 composite materials was
actualized under visible light. Moreover, the formaldehyde
removal percentages in FREI (continuous illumination under
visible light) can reach up to (70.5 ± 1.2)%. Therefore, the
natural iron in the shells was determined to be connected to
the photocatalytic performance of the shell-TiO2 composite.
To prove the function of the natural iron in Artemia shells,
detailed research will be carried out in future studies.

4. Conclusion
The Artemia egg shell with asymptotic reduction pores
(diameter: 500 nm–2500 nm) can be used as the carrier
for nanocomposite materials. The nanocomposite materials,
Artemia egg shell-supported TiO2 , were in polycrystallinelike nanostructures and can be used for high efficiency
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[3] S. Samatya, Ü. Yüksel, M. Yüksel, and N. Kabay, “Removal of
fluoride from water by metal ions (Al3+ , La3+ and ZrO2+ ) loaded
natural zeolite,” Separation Science and Technology, vol. 42, no.
9, pp. 2033–2047, 2007.
[4] Q. Zhang, P. Jiang, B. Pan, W. Zhang, and L. Lv, “Impregnating
zirconium phosphate onto porous polymers for lead removal
from waters: effect of nanosized particles and polymer chemistry,” Industrial & Engineering Chemistry Research, vol. 48, no.
9, pp. 4495–4499, 2009.
[5] N. Chen, Z. Y. Zhang, C. P. Feng, M. Li, D. Zhu, and N.
Sugiura, “Studies on fluoride adsorption of iron-impregnated
granular ceramics from aqueous solution,” Materials Chemistry
and Physics, vol. 125, no. 1-2, pp. 293–298, 2011.
[6] H. Tavallali and A. Daneshyar, “Cadmium selenide nanoparticles loaded on activated carbon and its efficient application
for removal of fluoride from aqueous solution,” International
Journal of ChemTech Research, vol. 4, no. 3, pp. 1178–1181, 2012.
[7] Q. R. Zhang, B. C. Pan, S. J. Zhang, J. Wang, W. Zhang, and
L. Lv, “New insights into nanocomposite adsorbents for water
treatment: a case study of polystyrene-supported zirconium
phosphate nanoparticles for lead removal,” Journal of Nanoparticle Research, vol. 13, no. 10, pp. 5355–5364, 2011.
[8] G. van Stappen, “Zoogeography,” in Artemia: Basic and Applied
Biology, T. J. Abatzopoulos, J. A. Beardmore, J. S. Clegg, and

6

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]

[20]

[21]

[22]

[23]

Journal of Nanomaterials
P. Sorgeloos, Eds., pp. 171–224, Kluwer Academic Publishers,
Dodrecht, The Netherlands, 2002.
S. Wang and S. Sun, “Comparative observations on the cyst
shells of seven Artemia strains from China,” Microscopy Research and Technique, vol. 70, no. 8, pp. 663–670, 2007.
J. E. Morris and B. A. Afzelius, “The structure of the shell
and outer membranes in encysted Artemia salina embryos
during cryptobiosis and development,” Journal of Ultrasructure
Research, vol. 20, no. 3-4, pp. 244–259, 1967.
E. Anderson, J. H. Lochhead, M. S. Lochhead, and E. Huebner,
“The origin and structure of the tertiary envelope in thickshelled eggs of the brine shrimp, Artemia,” Journal of Ultrasructure Research, vol. 32, no. 5-6, pp. 497–525, 1970.
M. Mazzini, “Scanning electron microscope morphology and
amino-acid analysis of the egg-shell of encysted brine shrimp,
Artemia salina Leach (Crustacea Anostraca),” Monitore Zoologico Italiano—Italian Journal of Zoology, vol. 12, no. 4, pp. 243–
252, 1978.
K. W. Lee, M. A. Gouthro, D. Belk, and J. R. Rosowski, “Ultrastructure features of the tertiary envelope in the cyst of the brine
shrimp Artemia franciscana (Anostraca),” in Proceeding of the
52nd Annual Meeting of the Microscopy Society of America, G. W.
Bailey and A. J. Garratt-Reed, Eds., pp. 362–363, San Francisco
Press, San Francisco, Calif, USA, August 1994.
T. Iwasaki, “Tolerance of Artemia dry eggs for temperature,
vacuum and radiation,” Bulletin de l’Institute International du
Froid—Annexe, vol. 5, pp. 79–88, 1973.
J. S. Clegg, “Desiccation tolerance in encysted embryos of the
animal extremophile, Artemia,” Integrative and Comparative
Biology, vol. 45, no. 5, pp. 715–724, 2005.
B. J. Finlayson-Pitts and J. N. Pitts, Chemistry of the Upper
and Lower Atmosphere: Theory, Experiments, and Applications,
Academic Press, San Diego, Calif, USA, 2000.
C. M. Schmidt, A. M. Buchbinder, E. Weitz, and F. M. Geiger,
“Photochemistry of the indoor air pollutant acetone on Degussa
P25 TiO2 studied by chemical ionization mass spectrometry,”
The Journal of Physical Chemistry A, vol. 111, no. 50, pp. 13023–
13031, 2007.
U. Diebold, “The surface science of titanium dioxide,” Surface
Science Reports, vol. 48, no. 5-8, pp. 53–229, 2003.
Z. Ding, H. Y. Zhu, G. Q. Lu, and P. F. Greenfield, “Photocatalytic
properties of titania pillared clays by different drying methods,”
Journal of Colloid and Interface Science, vol. 209, no. 1, pp. 193–
199, 1999.
A. Rapsomanikis, D. Papoulis, D. Panagiotaras et al., “Nanocrystalline TiO2 and halloysite clay mineral composite films
prepared by sol-gel method: synergistic effect and the case of
silver modification to the photocatalytic degradation of basic
blue-41 azo dye in water,” Global NEST Journal, vol. 16, no. 3,
pp. 485–498, 2014.
P. Wang, T. Xie, D. Wang, and S. Dong, “Facile synthesis
of TiO2 (B) crystallites/nanopores structure: a highly efficient
photocatalyst,” Journal of Colloid and Interface Science, vol. 350,
no. 2, pp. 417–420, 2010.
S. Tieng, A. Kanaev, and K. Chhor, “New homogeneously doped
Fe(III)-TiO2 photocatalyst for gaseous pollutant degradation,”
Applied Catalysis A: General, vol. 399, no. 1-2, pp. 191–197, 2011.
Y.-F. Tu, S.-Y. Huang, J.-P. Sang, and X.-W. Zou, “Preparation
of Fe-doped TiO2 nanotube arrays and their photocatalytic
activities under visible light,” Materials Research Bulletin, vol.
45, no. 2, pp. 224–229, 2010.

[24] R. M. Mohamed, D. L. McKinney, and W. M. Sigmund,
“Enhanced nanocatalysts,” Materials Science and Engineering R:
Reports, vol. 73, no. 1, pp. 1–13, 2012.

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2015, Article ID 282369, 8 pages
http://dx.doi.org/10.1155/2015/282369

Research Article
Preparation and Investigation of the Microtribological
Properties of Graphene Oxide and Graphene Films via
Electrostatic Layer-by-Layer Self-Assembly
Yongshou Hu,1 Haibing Ma,1 Wei Liu,2 Qianqian Lin,2 and Bin Liu2
1

Department of Stomatology, Traditional Chinese Medicine Hospital of Gansu Province, Lanzhou 730050, China
School of Nuclear Science and Technology, Stomatology, Lanzhou University, Lanzhou 730000, China

2

Correspondence should be addressed to Bin Liu; liubkq@lzu.edu.cn
Received 17 September 2014; Accepted 22 December 2014
Academic Editor: Wenwen Liu
Copyright © 2015 Yongshou Hu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Graphene oxide (GO) films with controlled layers, deposited on single-crystal silicon substrates, were prepared by electrostatic
self-assembly of negatively charged GO sheets. Afterward, graphene films were prepared by liquid-phase reduction of as-prepared
GO films using hydrazine hydrate. The microstructures and microtribological properties of the samples were studied using Xray photoelectron spectroscopy, Raman spectroscopy, X-ray diffraction, UV-vis absorption spectroscopy, water contact angle
measurement, and atomic force microscopy. It is found that, whether GO films or graphene films, the adhesion force and the
coefficients of friction both show strong dependence on the number of self-assembled layers, which both allow a downward trend
as the number of self-assembled layers increases due to the interlayer sliding and the puckering effect when the tip slipped across
the top surface of the films. Moreover, in comparison with the GO films with the same self-assembled layers, the graphene films
possess lower adhesion force and coefficient of friction attributed to the difference of surface functional groups.

1. Introduction
With the rapid development of science and technology,
especially of nanotechnology, micromechanical and highdensity magnetic recording systems, the study of microtribology has attracted wide attention. In theoretical research,
microtribology requires exploration deep into the atomic
and molecular scale to extensively reveal the phenomena
of friction processes and plays an important role in perfecting the theory of tribology [1]. In applied research,
the continual emergence of advanced technologies, such
as magnetic recording systems and microelectromechanical
systems (MEMs), not only brings new challenges for traditional tribology and lubrication technology, but also prompts
studies on friction at the microscale and development of
nanolubrication technology [2].
Although MEMs are known for their superior performance and low unit cost [3], their large surface areato-volume ratios result in serious adhesive and frictional
problems that limit their operations [4]. Also, conventional

lubricants are no longer particularly desirable due to the
microsize of MEMs components. Reports on improvements
in the microtribological performance of MEMs are divided
into two aspects: (i) preparation of a super-hard surface
coating on a silicon substrate via ion implantation or thin film
deposition to enhance wear resistance, and (ii) deposition
of a soft coating such as Langmuir-Blodgett (LB) film to
reduce the coefficient of friction (𝜇) of the silicon surface and
further improve friction and wear properties. However, many
super-hard coatings, such as SiC, diamond, and diamond-like
carbon, are not easy to prepare, and LB films are limited by
their poor stability, poor ability to resist external interference,
and short life. For the above reasons, exploration of new
methods to prepare protection films with good frictionreduction and wear-resistance is of utmost importance. As we
know, an approach to preparing protection films with obvious
wear-resistance behavior is the self-assembly technique [5–
7]. Compared with other techniques, self-assembly has some
special advantages, such as simple preparation, controlled
film thickness, thermodynamic stability, and independence

2
from the size and shape of the base, giving it broad application prospects in the field of tribology [8]. Lio et al.
[9] prepared alkanethiols and alkyl silanes self-assembly
monolayers (SAMs) with different alkyl chain lengths and
found that short-chain SAMs exhibit higher 𝜇 than longchain SAMs. Beake and Leggett [10] studied mixed SAM
systems composed of short- and long-chain alkanethiols
and they found that the 𝜇 varies substantially with monolayer composition, especially of changes in the alkyl chain.
Huang et al. [11] prepared self-assembled multilayer films
consisted of nitrocontaining diazoresin and polysodium pstyrenesulfonate (NDR-PSS), and the study of their tribological behaviors showed that the 10-bilayer film exhibits
better load-carrying and antiwear abilities than 1-bilayer film.
Gao and Yu [12] believed that the tribological behaviors
of multilayer polyelectrolyte films are closely related to the
layer numbers. Ren et al. [13] prepared a stearic acid and 3aminopropyl triethoxysilane (STA-APS) dual-layer film on
a single-crystal silicon substrate via chemical self-assembly,
and the tribological experiment showed that the STA-APS
film has good adhesive-resistance and friction-reduction in
both microscopic and macroscopic levels.
Graphene, a 2-dimensional atomic thin layer of carbon
nanostructure, exhibits notable electronic, thermal, chemical,
and mechanical properties, as well as unrivaled mechanical
stiffness and strength [14]. Thus, it is considered highly applicable in next-generation electronic devices and MEMs [15,
16]. Lee et al. [17] found that the frictional force on graphene
is smaller than that on the silicon oxide substrate, while larger
than that on bulk graphite. They also compared the nanoscale
friction characteristics of atomically thin sheets (including
graphene, molybdenum disulfide, niobium diselenide, and
hexagonal boron nitride) exfoliated onto weakly adherent
silicon oxide substrates with those of their bulk counterparts
and revealed that friction force of each sheet-like material
monotonically increases with the number of layers decreasing
[18].
However, it should be mentioned that realization of
graphene application in MEMs is severely restricted by the
difficulty of obtaining a stable graphene film on a device
surface via exfoliation-sticking and common solution processes. The key defect is attributed to the lack of active
groups on the surface of graphene, resulting in a very week
adhesion to substrate. Fortunately, the existence of abundant
oxygenous groups on graphene oxide (GO) sheets makes
the self-assembly technique feasible, to prepare graphene
films with good adhesion to substrates [19–21]. Ou et al.
[22] revealed that assembled reduced graphene oxide (RGO)
monolayer film on silicon substrate possesses good friction
reduction and antiwear abilities due to its intrinsic structure.
In this paper, a facile preparation of graphene multilayer films with controlled layers, deposited on silicon
substrates, was realized by electrostatic self-assembly of negatively charged GO sheets followed by liquid-phase reduction
using hydrazine hydrate. An investigation of the relationship
between the microtribological characteristics and the number of self-assembled layers was employed in-depth. Also,
comparisons of the microtribological properties between
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self-assembled GO and RGO multilayer films were carried
out as well.

2. Experimental
2.1. Materials. Polished single-crystal silicon (111) wafers,
obtained from GRINM Semiconductor Materials Co., Ltd.,
Beijing, with a surface roughness of about 0.4 nm after
cleaning, were used as the substrates. Poly(diallyldimethylammonium chloride) (PDDA, Mw = 400,000–500,000,
20 wt.% solution in water) was obtained from Sigma-Aldrich.
GO was synthesized using a modified Hummers method
[23, 24]. Other reagents were of analytical purity and used as
received. Ultrapure water (18 MΩ⋅cm−1 ) was used throughout
the experiment.
2.2. Preparation of GO and Graphene Multilayer Films. Silicon substrates were cleaned and hydroxylated by immersing
in a piranha solution (a mixture of 7 : 3 (v/v) 98% H2 SO4 and
30% H2 O2 ) at 30∘ C for 20 min. The substrates were then fully
rinsed with ultrapure water, placed into a 0.2 wt.% PDDA
aqueous solution, and then held for 15 min. A monolayer
of PDDA was thus formed on each silicon surface. At
the same time, a homogeneous GO aqueous suspension
(0.5 mg/mL) was prepared by sonication and centrifugation.
After rinsing with ultrapure water, a PDDA-coated silicon
substrate was immersed in the GO suspension and kept for
15 min. A monolayer of GO was presumably produced on
top of the PDDA film via electrostatic interaction between
the negatively charged GO and the positively charged PDDA.
By repeating the above steps, GO multilayer films with the
desired layers were obtained. Subsequently, RGO multilayer
films were prepared by the reduction of as-prepared GO films
with hydrazine hydrate as described elsewhere [25]. In order
to investigate the microstructural change of GO through the
hydrazine hydrate reduction, powdery RGO was prepared as
well.
Moreover, in order to certify that the graphene films with
gradually increased thickness can be prepared by repeating
the electrostatic layer-by-layer (LBL) self-assembly; RGO
multilayer films on indium tin oxide (ITO) glass substrates
were prepared according to the same LBL self-assembly
followed by the hydrazine hydrate reduction. Before the selfassembly experiments, each ITO substrate was cleaned with a
3.95 wt.% ethanol solution of potassium hydroxide for 5 min
using ultrasonication, thoroughly rinsed with ultrapure water
and ethanol and was ready to use.
2.3. Characterization. The surface morphologies of the RGO
sheets and the assembled GO and RGO films were investigated by a Nanoscope III a multimode atomic force microscope (AFM, Veeco) in tapping mode. The XPS measurements of powdery GO and RGO were performed on a PerkinElmer PHI-5702 multifunctional X-ray photoelectron spectroscope (Physical Electronics, USA), using Al-K𝛼 radiation
(photon energy 1476.6 eV) as the excitation source and the
binding energy of Au (Au 4f7/2 : 84.00 eV) as the reference.
The crystallographic structures of the powdery samples were
determined by a powder X-ray diffraction system (XRD,
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TTR-III) equipped with CuKa radiation (𝑘 = 0.15406 nm).
Raman spectroscopy (Lab RAMHR800, Horiba, Hobin Yvon,
France, 532 nm laser excitation) was employed to characterize
the microstructure of the film samples. UV-vis absorption
spectra of the RGO multilayer films were monitored with a
Hitachi U-2010 spectrophotometer. The water contact angle
measurements of the film samples were carried out using
the “sitting drop” method in atmospheric conditions at room
temperature. Each measurement was repeated 10 times and
reproducibility was never worse than ±2∘ . The results of
measurements were treated statistically.

1.25

2.4. Microtribological Properties of GO and Graphene Multilayer Films. The microtribological behavior was characterized with the same AFM/FFM instrument controlled by
RHK electronics (RHK Technology, Rochester Hills, MI,
USA) under contact mode. Mica was used to calibrate the
photodetector sensitivity by measuring a force curve. Relative
to the very flexible lever, the stiffness of the mica was
sufficiently large; it was assumed that all deflection during
the force measurement would occur in the lever. Under these
circumstances, the photodetector sensitivity was the gradient
of a plot of photodetector signals versus displacement while
measuring repulsive forces. Commercially available Si3 N4
cantilevers/tips with a nominal force constant of 2.0 nN⋅m−1
were employed. Friction force measurements were recorded
in scope mode by obtaining friction loops from six separate
areas on the monolayer surfaces. Construction of friction
load plots was accomplished by varying the normal load
applied to the tip. Data of 𝜇 were standardized using an internal normalization procedure previously described elsewhere
[26, 27]. A single tip was used to acquire a complete set of
data for an entire series of samples, and the gradients of the
friction-load plots were used to obtain 𝜇.
To obtain the adhesive force between the AFM tip and
the film surface, the force distance curve was recorded and
the pull-off force was assumed as the adhesive force, which
was given by 𝐹 = 𝐾𝑐 Δ𝑍𝑝 , where 𝐾𝑐 is the force constant
of the cantilever, and Δ𝑍𝑝 is the vertical displacement of the
piezotube, that is, the deflection of the cantilever [28, 29]. The
displacement of the retraction part from the approach part,
caused by the hysteresis of the piezotube, was adjusted. To
reduce the statistical error, we measured the adhesion force at
many different locations on a sample surface. All the friction
and adhesion tests were conducted at room temperature of
21∘ C and a relative humidity of 25%.

0.25

3. Results and Discussion
As Figure 1 shows, the AFM image and its corresponding
height profile show that an individual RGO sheet on a silicon
wafer surface has a thickness of 0.9 nm, which is accordant
with the value for single-layer RGO sheet [25, 30]. The
measured thickness of the RGO sheet is much larger than the
theoretical value of graphene layer (0.34 nm), which is due to
the fact that a small number of oxygenous groups still remain
on the surface of the RGO sheet after chemical reduction.
The C1s XPS spectra of GO and RGO sheets are shown
in Figure 2. The C1s XPS spectrum of GO can be fitted into
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Figure 1: AFM image and the height profile of the RGO sheets.

four components [31]: non-oxygenated carbon at 284.8 eV,
carbon in C–O at 286.2 eV, carbonyl carbon (C=O, 287.9 eV),
and carboxylate carbon (O–C=O, 289.0 eV). In contrast to the
C1s XPS spectrum of GO, the spectrum of RGO shows the
presence of the same functionalities but with much smaller
intensities, indicating that most of the oxygen functional
groups were removed by reduction with hydrazine hydrate.
Structural difference between GO and RGO was further evidenced from the XRD measurements. As shown in
Figure 3, the XRD pattern of GO has a diffraction peak at
12.1∘ , corresponding to water-bound intercalated oxidized
graphite [32]. For the XRD pattern of RGO, the diffraction
peaks at 24.5∘ and 42.8∘ are attributed to the graphite-like
structures (002) and (100), respectively. This result indicates
a relatively complete reduction from GO to RGO.
Figure 4 shows the Raman spectra of self-assembled GO
and RGO multilayer films with the same layers of 20. Two
spectra both exhibit two intense peaks at 1328 cm−1 and
1595 cm−1 , corresponding to the D and G bands, respectively.
2D and D+G bands are also observed [33]. The G band is
related to the vibration of sp2 -hybridized carbon, whereas
the D band corresponds to the sp2 -hybridized carbon with
defects associated with vacancies, disorder, and grain boundaries [34]. The intensity ratio of 𝐼D /𝐼G in RGO spectrum
(1.11) obviously increases compared with that in GO spectrum
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Figure 2: The C 1s XPS spectra of the GO (a) and RGO (b) sheets.
1200

(1.01), indicating the realization of deoxygenation in chemical
RGO film [25]. Moreover, in contrast to the ratio between the
2D and G bands, 𝐼2D /𝐼G , of the GO films, the ratio of 𝐼2D /𝐼G
for RGO increases due to the recovering of sp2 C=C bonds.
Figure 5 shows the UV-vis absorption spectra of RGO
multilayer films on ITO glass substrates. The inset shows
the nonlinear relationship between the absorbance of RGO
films at 500 nm and the number of self-assembled layers.
The absorbance at 500 nm nonlinearly increases with the
increase of the self-assembled layers, suggesting that the RGO
multilayer films with elevated layers were successfully by LBL
self-assembly.
The surface morphologies of GO and RGO multilayer
films were observed via AFM. As shown in Figure 6, the
modified silicon substrate is covered by GO or RGO sheets
after the self-assembly of the fifth layers. The root-meansquare roughness of the GO and RGO sheets is 4.613 and
4.098 nm, respectively, indicating that the roughness of GO
films decreased after reduction with hydrazine hydrate.
The microtribological behaviors of the GO and RGO
multilayer films in air were evaluated by AFM. Figure 7
shows the adhesion force curves for the GO and RGO
films with the different number of layers. It is obvious seen
that, the adhesion force for GO or RGO films shows strong
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Figure 4: The Raman spectra of the GO and RGO multilayer films
with the fifth layers.

dependence on the number of self-assembled layers, which
allow a downward trend as the number of self-assembled
layers increases. Moreover, in comparison with the GO films
with the same self-assembled layers, the RGO films possess
lower adhesion force.
In general, the adhesive force between an AFM tip
and a sample surface includes the capillary force (𝐹𝑐), as
well as solid-solid interaction, Van der Waals force (𝐹vdW ),
electrostatic force (𝐹𝐸 ), and the chemical bonding force (𝐹𝐵 )
[28, 35]. As such, 𝐹ad can be expressed as 𝐹ad = 𝐹𝐶 +𝐹vdW +𝐹𝐸 +
𝐹𝐵 . Since the tip and sample sit in air for a relatively long time,
no net charges are expected to remain in them. Thus, 𝐹𝐸 = 0.
The chemical bonding force can also be neglected since the
surfaces of the tip and the sample are saturated with chemical
bonds. Thus, no ionic or covalent bonds are expected to form
during contact. Therefore, 𝐹ad consists only of 𝐹𝐶 and 𝐹vdW .
The capillary force 𝐹𝐶 is closely related to surface wettability,
which can be evaluated by the water contact angles (WCAs)
[36].
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Figure 5: UV-vis/spectra of the RGO multilayer films on ITO glass
substrates. The inset is the absorbance at 500 nm as a function of
layer number.

The WCAs on the hydroxylated silicon surface and selfassembled films are shown in Figure 8. It shows that different
numbers of layers of GO films or RGO films have almost no
effect on their WCAs. However, after reduction, the WCA of
GO films obviously increases from 60∘ to 81∘ , indicating that
the RGO film surface is more hydrophobic due to the decrease
of abundant oxygenous groups in GO sheets after reduction
by hydrazine. This point has already been proven by the
XPS data of GO and RGO and explains why the adhesive
force of GO films is higher than that of RGO films. Such
a phenomenon may be properly understood, since adhesive
force, which depends mainly on the capillary force between a
tip and a surface, is dramatically lowered or even eliminated
when the surface becomes hydrophobic [13].
It has been reported that 𝐹vdW also contributes to adhesion at very low humidity [28]. The difference in 𝐹vdW
between GO and RGO is also attributed to the oxygenous
groups that exist on the surfaces of the films. Compared
with RGO, the surface of the GO sheets has many oxygenous
groups due to graphite oxidation, resulting in strong Van
der Waals forces between the edges of GO sheets and the
AFM tip. Therefore, the large 𝐹vdW may be a key factor in
the relatively high adhesion of GO. From the above analyses,
it could be deduced that the difference in adhesion force
between GO and RGO may be attributed to the quantity of
surface functional groups. In addition, the adhesion force
displays a downward trend as the number of layers increases,
a finding that may be due to the decrease in oxygenous groups
exposed to the outer edges of the GO or RGO sheets as a
consequence of the closer arrangement of the sheets.
To obtain stable friction-versus-load curves, especially on
the silicon surface, a typical blunting process of a Si3 N4 tip
via friction scanning on mica was performed in a manner
similar to a previous report [37]. The friction-versus-load
curves for GO and RGO films measured using blunt tips
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Figure 6: AFM images for GO (a) and RGO (b) multilayer films
with the fifth layer.

are shown in Figure 9. The friction-versus-load curves show
linear characteristics as the external load exceeds 360 nN,
indicating that the data are in agreement with Amontons’ law
[26]. However, as the figure shows, not all of the friction load
curves pass through the origin, suggesting that Deraguin’s
modification of Amontons’ law should be used: 𝐹𝐿 = 𝜇𝐹𝑁 +𝐹0 ,
where 𝜇 is the coefficient of friction, 𝐹𝑁 is the normal force
(applied load), and 𝐹0 is the friction force when the normal
force is zero [26, 38]. According to this analysis, the gradient
of a plot of the friction force against the load is equal to 𝜇.
It should be mentioned that the value of 𝜇 obtained in this
study is not absolutely accurate and it is not comparable with
the value obtained by other authors. However, a systemic
comparison among the self-assembled GO and RGO films in
our investigations is highly reliable. As shown in Figure 9, the
value of 𝜇 gradually decreases with the increase in number
of layers of the two films. Compared with GO films with
the same self-assembled layers, RGO films possess lower 𝜇 at
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Figure 7: Adhesion force curves for the GO (a) and RGO (b)
multilayer films with the different number of layers.

the same measurement conditions, indicating that RGO films
have better lubricity. Many studies have reported that friction
decreases with the reduction of adhesion on a microscopic
scale [39–41]. In addition, these studies further provided a
manifestation for our results. Thus, for RGO film, smaller
adhesion force compared with GO film results in the lower
𝜇. It is also possible that the reduction of 𝜇 is brought about
by the reduction of surface roughness after the chemical
reduction, as proved by AFM images.
The possible factors that contribute to the relationship
between the 𝜇 and the number of layers of GO and RGO
films were analyzed. Discrepancy in the 𝜇 of GO and RGO
films was also discussed. A possible explanation for the
reduction in 𝜇 when the number of layers increases is that
films that increasingly attach to the substrate surface via
electrostatic interaction have more freedom to swing and
rearrange along the sliding direction under shear stress,
thus yielding smaller resistance. Interlayer sliding could have

occurred when the tip slipped across the top surface of the
films in our experiments and reduced the friction of thicker
samples.
Yet another possibility that may explain the mechanism
of the thickness-dependent friction behavior is based on the
puckering effect proposed by Lee et. al via the simple model
of a tip sliding across a flexible membrane [17]. When the tip
comes into contact with the top surface of the membrane,
adhesion causes the sheet to easily pucker locally because
of the sheet’s low bending stiffness compared with its inplane stiffness [42]. The puckered geometry is modified at
the front edge by tip-sheet friction, and the symmetry of the
puckered region breaks and piles up mostly at the front edge
of the contact; the geometry reverses when the tip changes
direction. The enlarged contact area brought about by out-ofplane deformation requires more force to slide the tip forward
[22]. For a thicker sheet, puckering is less prominent owing
to the larger bending stiffness of the sheet [22]; therefore,
friction is also lower.

4. Conclusion
In summary, GO and RGO multilayer films were prepared via
electrostatic self-assembly on single-silicon crystal substrates.
The microstructure and microtribological properties of the
samples were investigated. According to the experimental
results, RGO films have smaller adhesive force and lower
𝜇 compared with GO films, indicating that the former
has better friction reduction properties under low applied
loads in the microscopic scale. The improved tribological
properties for RGO films are attributed to a decrease of
abundant oxygenous groups in RGO molecules, decrease in
adhesion, and a decrease of surface roughness after reduction
by hydrazine. For GO films and RGO films, the adhesive
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Figure 9: Friction-versus-load curves for the GO (a) and RGO (b)
multilayer films with the different number of layers.

resistance and 𝜇 both show the downward trend as the
number of layers increases. One reason is due to more
freedom to swing and rearrange along the sliding direction
under shear stress, thus yielding smaller resistance with
the increase of number of layers. Another reason is that
puckering is less prominent for a thicker sheet owing to the
larger bending stiffness of the sheet; therefore, friction is also
lower.
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Fluorescent gold nanoclusters (AuNCs) have been extensively studied due to their unique construction and distinctive properties,
which place them between single metal atoms and larger nanoparticles. The dimension of AuNCs is comparable to the Fermi
wavelength of electrons, which lead to size-dependent fluorescence and other molecule-like properties. In this review, we
summarize various synthesis strategies of fluorescent AuNCs and recent advances of biological applications such as biosensing,
biolabeling, and bioimaging. The synthetic methods are considered as two routes: “Atoms to Clusters” and “Nanoparticles to
Clusters.” The surface functionalization of AuNCs is described as the precondition for making future bioapplications possible,
which can eventually influence their stability, biocompatibility, and other properties. And then we focus on the recent advances of
AuNCs-based applications in biological sensing, biolabeling, and bioimaging and finally discuss the current challenges of AuNCs
in controllable synthesis and biological application.

1. Introduction
The word “nano” is for describing something which occurs
with size on nanometer range [1]. The worldwide emergence
of nanoscale technology and engineering was marked by
the announcement of the National Nanotechnology Initiative
(NNI) in January 2000 [2]. Nanotechnology, which became
an emerging and promising research field in the past decades,
is the combination of medicine, chemistry, physics, and
biology [3]. This multidisciplinary technology is considered
dedicating to assemble molecules into objects and reverse
this process. The confluence of biology and nanotechnology is defined as nanobiotechnology, which is a field that
investigates biosystems and creates new biomaterials using
nanoscale principles and techniques [2]. The nanostructure
materials in biology and biomedical field can be useful tools
for biosensing, cell labeling, and molecular imaging.
Gold is the most extensively studied material among
worldwide groups due to its stable chemical property, facile
synthesis, and nontoxicity. Gold on bulk- or molecular-range
is highly stable; however, gold nanoparticles (NPs) exhibit
distinctive properties which differ from others such as their

surface plasmon resonance (SPR) effect, size-depending electronic properties, and their photothermal effect in biological
therapy [4]. For these fascinating aspects, gold NPs have been
considered as the key materials of nanoscience and nanotechnology in recent years. Due to quantum confinement effects
of gold nanoparticles with a dimension below 2 nm, they are
too small to support surface plasmon resonance effect [5].
The noble metal nanomaterials (which we call them gold
nanoclusters) are composed of several to roughly a hundred
atoms [6, 7]. The dimension occurring with gold nanoclusters
(AuNCs) is comparable to the Fermi wavelength of electrons
[8], which place them between single metal atoms and larger
nanoparticles [9]. Due to the strong quantum confinement
effect of free electrons in the particles, the continuous density
of states breaks up into discrete energy levels. These lead to
size-dependent fluorescence and other attractive moleculelike properties such as facile surface tailor ability and color
tenability [10–13].
As to size-dependent fluorescence, the photophysical
properties of AuNCs are dictated by their sizes and shapes.
Recent advances make it much easier to synthesize watersoluble AuNCs with tunable size or emission colors. AuNCs
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has an extremely high surface-to-volume ratio, which can
make the NCs for further surface modification and controllable bioconjugation. With all the above properties, AuNCs
can be used in a wide range of applications, such as biodetection [14], biosensing [14], biological labeling [15–17], and
bioimaging [18].
When fluorophores absorb light with a particular wavelength, fluorophores will then emit energy in a form of fluorescence equaling to the energy difference between the excited
state and the ground state. Fluorescent probes are the key
factor in biological fluorescent measurement. In last decades,
there are several different classes of fluorescent labels: organic
fluorophores such as cyanine dyes and fluorescein, the rare
earth NPs (quantum dots) [19], upconverting NPs, and
novel fluorescent dye-doped core-shell nanobeads. But the
use of these labels is limited by the poor photostability,
large physical size, and toxicity of heavy metals [17]. On
the contrary, AuNCs show strong photoluminescence, good
photostability and high emission rates, large Stokes shift, and
size-dependent tunable fluorescence, for which they can be
made as an optimum nanomaterial for biological imaging,
analysis, and sensing. Moreover, the surfaces of AuNCs
possess a subnanometer dimension, color tenability, facile
synthesis, and low toxicity [20, 21]. Compared with common
fluorophores, these advantages establish them to be a novel
ultrasmall fluorophores in biomedicine application [22–24].
In this review, we firstly will discuss the origin of fluorescence of AuNCs. Then we will summarize general synthesis
strategies of AuNCs and describe their distinctive properties,
which are followed by highlighting their fascinating photoluminescence properties. In the second part, we will discuss the
recent advances of AuNCs-based application to the biological
labeling and fluorescent imaging. In the final section, we will
give a brief outlook on the challenges and prospective for
future research of AuNCs.

2. Gold Nanoclusters: Fluorescence
Property and Synthetic Method
2.1. Fluorescence Mechanism of AuNCs. Gold nanomaterials
can be broadly categorized into two kinds according to their
dimensions: gold nanoparticles and gold nanoclusters. Zheng
has introduced the differences in structures and other properties between these two gold nanomaterials [25]. As he mentioned, gold nanoparticles which sizes are close to the wavelength of light have similar optical properties to bulk gold.
What is more, the collective oscillation of conduction electrons on the surface of gold nanoparticles can interact with
light and generate SPR effect when the frequency of oscillating electrons matches the frequency of incident photons.
And when the gold nanoparticles have a dimension in 3–
100 nm, the SPR band locates in the visible light region, which
will lead to some size-dependent effects of gold NPs. The
interaction between nanoparticles, the dielectric medium,
and the protective ligands also has influences on the SPR
effect of gold NPs.
When size of gold nanomaterials is smaller than 3 nm, the
gold nanoclusters possess some distinguished properties due
to their ultrasmall dimension and special structure. Because
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the energy level spacing is inversely proportional to the radius
of AuNCs, AuNCs with a dimension close to Fermi wavelength of an electron possess size-dependent electronic structure [26]. The AuNCs we are discussing in this review are subnanoscale nanoparticles, which have a gold center containing
a countable number of gold atoms. So AuNCs are considered
as superatoms or molecular-like species. For these reasons,
the energy level spacing and free electronic density of AuNCs
are the key factors of transition energy of AuNCs. When the
energy level spacing is large enough, the free electrons behavior can be observed in the discrete energy levels [27]. According to the structural analysis of Jin’s group, the fluorescence of
AuNCs originates from the LUMO-HOMO transition [28].
To sum up, the distinct optical properties (absorption and
fluorescence) of molecular-like AuNCs are mainly affected by
their ultrasmall size and corresponding electronic structure.
In addition to the ultrasmall size, the ligands used for
AuNCs preparation also have impacts on their fluorescence
properties [5]. Ligands play very important roles in the
formation of AuNCs as protective agents, which can prevent
the superatoms from aggregation and then keep the sizedependent fluorescence property. As for the demonstration
that Jin and coworkers mentioned, surface ligands of AuNCs
not only can be used as capping agent but also largely
affect the fluorescence of AuNCs by charging transfer from
surface ligand to the gold core. When the surface ligands
have strong electron donation capability, the fluorescence
can be enhanced. And the ligands with electron-rich atoms
or groups have been found as a very effective choice for
promising surface ligand of AuNCs to enhance the fluorescence. In this paper, we will discuss the synthesis of AuNCs
by using different ligands such as glutathione, dendrimers,
polymers, and protein; the as-prepared AuNCs based on different synthetic methods have various fluorescence quantum
yield (QY). Lots of researches have been carried out on the
origin of fluorescence from AuNCs and the enhancement
of fluorescence QY for the practical application such as
biological labeling, sensing, and imaging. In this section, we
have summarized the different fluorescence QYs of AuNCs
with different synthetic routes (Table 1).
2.2. Synthetic Methods of AuNCs. Small gold nanoclusters
with robust quantum effect have been extensively investigated. The synthesis of AuNCs experiences several stages. In
the early time, the research was focused on gas state metal
clusters [29]. Since these metal clusters in the gas phase were
short-lived and hard to be functionalized, a novel method,
solution-phase synthesis, arose in the 1980s [30, 31]. These
synthetic strategies lead to gold nanoclusters with enhanced
stability and excellent physicochemical properties.
Since Brust et al. reported the synthesis of monolayer
protected metal nanoparticles, several novel advances have
emerged in the field of metal nanoclusters, especially in the
field of thiol-containing AuNCs. During the decades, the
synthetic strategies were generally considered as two routes:
“Atoms to Clusters” and “Nanoparticles to Clusters.” The
approach of “Atoms to Clusters” is to reduce the gold ions
into zerovalent atoms, and then AuNCs are formed with the
nucleation of the Au atoms. However, the gold precursors
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Table 1: Summary of fluorescence QYs of AuNCs obtained by different synthetic approaches.
Fluorescence QYs

Synthesis
Protected by monolayers of glutathione
Alkanethiol ligands 11-mercaptoundecanoic acid (11-MUA) as stabilizer
Poly(amidoamine) (PAMAM) dendrimers as stabilizer and capping agent
Pentaerythritol tetrakis(3-mercaptopropionate)-terminated Polymethacrylic acid
(PTMP-pMAA) as capping agent
Employed poly(N-vinylpyrrolidone) (PVP) as stabilizer of the gold clusters
Bovine serum albumin molecules as templates and reductants
Bovine pancreatic ribonuclease A (RNase-A) as the biotemplate
DNA as template to prepare gold/silver nanoclusters from Au3+ , Ag+ , and DNA
(5 -CCCTTAATCCCC-3 )
Employing L-3,4-dihydroxyphenylalanine (L-DOPA) as a reducing/capping reagent
D-penicillamine as capping agent
Mercapto-9-propyladenine as capping agent
N,N-dimethylformamide as a weak reducing agent as well as stabilizing ligand
Dissociation process of glutathione-gold(I) polymers in aqueous solution
GSH as reductant to form Au(I)-thiolate complexes, and the aggregation of
Au(I)-thiolate complexes on the Au(0) to form Au(0)@Au(I)-thiolate NCs
11-Mercaptoundecanoic acid (11-MUA) as the protecting group to reduce Au3+ with
NaBH4 in methanol solutions
Polyethylene glycol (PEG) appended with lipoic acid (LA) anchoring groups as
modular ligands

can be reduced into gold nanoparticles easier than into
nanoclusters due to the possibility of AuNCs to aggregate.
In order to solve the problem, some kinds of ligands should
be used for surface modification. Moreover, the protective
ligand capped on the surface can enhance the fluorescent
effect. These show that choosing appropriate ligands is the key
factor in stabilizing cluster from aggregation. The other route
for synthesizing the AuNCs is “Nanoparticles to Clusters”
route. Pradeep and coworker used excess MSA ligands in
toluene to etch (MSA-) protected large Ag nanoparticles into
fluorescent Ag NCs [48]. Recently, some advances have been
reported [49–51] to form more stable, monodisperse, and
highly fluorescent AuNCs.
2.2.1. “Atoms to Clusters” Route
(1) Template-Based Synthesis Methods. AuNCs with ultrafine
size and nontoxicity are very attractive for biolabeling and
bioimaging application. For the reason of low fluorescent
QY (10−4 –10−1 %) of thiol-protected AuNCs, Dickson’s group
developed NCs exhibiting ∼40% QY by dendrimers-assisted
method in the early 2000s [34]. This synthesis can effectively enhance the fluorescent effect of AuNCs with a fairly
long reaction time. According to the first template-assisted
techniques, a series of templates such as polymers [35, 52],
proteins [53, 54], dendrimers [55], and DNA [56, 57] have
been investigated for the synthetic method of AuNCs. Compared with other synthetic techniques, template-protected
techniques use mild reductant in the presence of strong
stabilizer. The decreased clustering rate provides efficient
sequestering by stabilizers.

−3

(3.5 ± 1.0) × 10
3.1 × 10−2
41 ± 5%
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(i) Dendrimers. Dendrimers-encapsulated AuNCs exhibited
strong fluorescence in the range from blue to NIR region by
adjusting the generation of PAMAM and the ratio between
gold and the template [55]. Water-soluble, monodisperse,
highly fluorescent Au8 NCs had been synthesized by using
the fourth generation of polyamidoamine (G4-OH PAMAM)
dendrimers as reduction agent and stabilizer [58, 59] by
Dickson and coworkers in the early 2000s [34, 55]. The asprepared AuNCs exhibit a strong fluorescence (QY∼40%),
with an intensity of 100-fold higher than AuNCs prepared
by other methods, possessing strong blue luminescence with
excitation and emission peak at 385 nm and 450 nm, respectively, shown in Figure 1.
Using charged PAMAM dendrimers of generation 6–9 to
prepare size-tunable fluorescent AuNCs in water have been
reported. The production have been characterized by a set of
methods such as tranmission electron microscopy (TEM) to
demonstrate gold atoms encapsulated by dendrimers. In 2007,
Bao et al. unveiled a new method for synthesizing nontoxicity,
highly stable AuNCs by using a mild reduction agent-ascorbic
acid or no reductant at physiological temperature [60]. This
approach produced highly green and red emission AuNCs
without forming large gold nanoparticles. Lin and coworkers
[61] exploited an amphipathic microcavity-template for
sequestering gold ions and synthesizing AuNCs with high QY
(20–60%) through microwave irradiation. In this strategy,
the fourth generation PAMAM with amine-terminated
groups (G4NH2) had a more hydrophilic microcavity than
hydroxyl-terminated G4OH PAMAM, which led to the
polarity-dependent ion-pair association (AuCl4 /G4NH2 pair
and AuBr4 /G4OH pair). The strong ion-pair association was
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Figure 1: (a) Excitation and emission spectra of G4-OH PAMAMtemplated AuNCs. (b) Emission from AuNCs under long-wavelength UV lamp irradiation (366 nm). Reprinted with permission
from [34], ©2003, American Chemical Society.

Gold cluster-PAA hybrid nanogels

Figure 2: Schematic of synthetic method of gold cluster-encapsulated PAA hybrid nanogels. Reprinted with permission from [67],
©2013, American Chemical Society.
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capable of enhancing the quantum efficiency of AuNCs, and
the precise control of the reaction temperature assisted by
microwave irradiation could also lead to the same effects.
(ii) Polymers. Polymers are widespread macromolecule with
abundant functional groups, which have potential to be
templates for synthesizing AuNCs [62, 63]. Using polymers
to prepare AuNCs has been studied by several groups. For
example, AuNCs protected by multivalent polymers were
synthesized by ligand exchange with dodecylamine-capped
gold nanoparticles [64]. The ligand-induced etching method
leads to fluorescent AuNCs with a relatively low QY (10–
20%). The size of polymer-depended AuNCs is related to
several factors such as the structure of polymer, the nature of
polymer functional group, and the ratio of gold to polymer
[35, 65, 66]. A switch over nonfluorescent to fluorescent
polymer-capped AuNCs (core diameters: 1.1–1.7 nm) can be
finely tuned by adjusting the ratio of gold-to-polymer as
reported by Cooper et al. Moreover, González et al. have
discovered a new simple method for preparing AuNCs
protected by poly(N-vinylpyrrolidone) (PVP), which possess
the fluorescent and magnetic features [36]. In this method,
an electrochemical synthesis has been used to pursue a
much simpler and quicker synthetic route. Most recently,
Jiang and coworkers have developed novel hybrid nanogels
based on the NIR fluorescent AuNCs and poly(acrylic acid)
(PAA) [67]. The core-hollow and shell-porous PAA nanogels
were employed as templates followed by in situ reduction
of HAuCl4 in water, to synthesize AuNCs-encapsulated PPA
hybrid nanogels. The PAA nanogels were prepared by the
polymerization of acrylic acid monomer and then mixing the
products with cysteamine water solution through interaction
of COO− group of PAA and NH2 + of cysteamine. Au3+ ions
were subsequently added and reduced by thiols of cysteamine
so as to encapsulate Au+ into the cavities of PAA nanogels.
Finally, NaBH4 was chosen to reduce the Au ions into AuNCs,
shown in Figure 2. This AuNCs entrapped in PAA nanogels

BSA

AuCl4
Incubate 2 min
+ NaOH
Incubate 12 h

BSA-Au ion complex

BSA-Au NC

Figure 3: Schematic of the formation of BSA-templated AuNCs.
Reprinted with permission from [37], ©2009, American Chemical
Society.

possessed the NIR fluorescent property with deep tissue
penetration, which was suitable for NIR live imaging.
(iii) Proteins. Proteins, as biological macromolecules, have
certain configuration and spaces and can be utilized as templates for preparing fluorescent AuNCs. Xie and coworkers
have developed a class “green” synthesize method to prepare
protein-directed AuNCs [37]. In this method, a facile, onepot, “green” synthetic technique was developed based on
a common commercially available protein, bovine serum
albumin (BSA), as shown in Figure 3.
BSA, a plasma protein existing in abundance, was selected
as the model protein for the formation of AuNCs because
of its stability, lack of effect, and low cost. Similar to the
biomineralization behavior in nature, the Au3+ ions were
added to the aqueous BSA solution, to be reduced to Au+ with
the help of tyrosine residues on the protein, and then metal
ions were sequestered and entrapped by thiol groups of the
protein. The as-prepared AuNCs were stable at the physiological temperature and PH with a QY∼6%. The as-synthesized
BSA-AuNCs have 25 gold atoms in the core, which exhibit
red emission (maximum of emission wavelength locates
in 640 nm), excellent stability, good biocompatibility, and
easy surface modification. This striking work is not only

(iv) DNA. The introduction of biological macromolecules
(protein, DNA) can make the synthetic method of AuNCs
greener and more biocompatible, which renders them more
possible for biological application. Some reports have been
published to make the affinity of DNA base pair and AuNCs
evident theoretically [73, 74], which provide the foundation
for the subsequent experiments to verify the feasibility
of theories. Chen and coworkers have unveiled atomically
monodispersed AuNCs with direction of DNA as etchant
of gold nanoparticles and rods [75]. Liu and colleagues
firstly reported that pH-dependent single-stranded DNA
(ssDNA) was feasible in synthesizing blue-emitting AuNCs
with a mild reductant [76]. Shao and colleagues developed
a nanoparticle-free method for synthesizing red-emitting
AuNCs in water with DNA as a template [77].
(v) Small Molecules. Most kinds of AuNCs are synthesized
by exploiting large templates such as dendrimers, biological macromolecules (e.g. DNA, proteins) and polymers.
Meanwhile, small molecules used as the templates have
been paid much attention for synthesizing high fluorescent
AuNCs, especially the thiol-protected (glutathione, 11-mercaptoundecanoic acid) AuNCs [79]. However, using small molecules as the templates and reductants has not drawn that
much attention for synthesizing high fluorescent AuNCs
compared with other templates. Several small molecules
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a novel method for creating highly fluorescent AuNCs, but
a promising protocol can be used for the other proteins and
noble metals. Following to this report, many groups studied
this “green” synthetic route with other bioactive proteins such
as insulin [68–70], lysozyme [71], transferrin [72], and egg
white proteins [53]. Chou et al. have firstly selected insulin as
the template for synthesizing the fluorescent AuNCs. The asprepared insulin-AuNCs are applicable for fluorescent imaging, CT, and in vivo blood-glucose regulation. As innovative
imaging technique involving insulin, it should be extensively
studied in biolabeling and bioimaging application. The use
of BSA as a reductant and stabilizer has enlightened Lu et al.
to find some proteins expect BSA for preparing AuNCs.
They have discovered a way to prepare highly fluorescent
AuNCs by using lysozyme as reductant and stabilizer. The
as-synthesized lysozyme gold fluorescent NCs (LsGFC) have
a diameter of ∼1 nm and emission wavelength centered at
657 nm, which also can be specifically quenched by Hg2+ .
Very recently, chicken egg white (CEW), which is abundant
for being available and extremely cheap, has been exploited
as a template for synthesizing AuNCs by Geckerler et al. In
the method, researchers developed a green, rapid synthesis of
AuNCs using CEW at physiological temperature (37∘ C) with
pH∼11. Under alkaline conditions, tyrosine and tryptophan
are predominantly responsible for reduction of Au3+ ions
and obtained highly fluorescent, water-soluble AuNCs. Most
recently, Qiao and coworkers have exploited a novel fluorescent nanoprobe which contains fluorescent ovalbumincapped AuNCs, biotarget folic acid, and homopolymers as the
linker [72]. Unlike most polymer-capped nanoclusters, folic
acid-functionalized fluorescent AuNCs can specificly label
the cell and tumor, which have superiority in biolabeling and
bioimaging applications.
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Figure 4: Schematic of DMF-AuNCs construction (a); the photographs of DMF-protected Au clusters in DMF under ambient light
(light yellow) and UV light of 365 nm (blue) (b). Reprinted with
permission from [78], ©2010, Langmuir.

have been exploited in the fabrication of AuNCs such as
amino acid [80–83], peptide [84, 85], dimethylformamide
[43, 78], and Good’s buffers [86]. The report using amino
acid as a reactant for preparing AuNCs is scarce. Chen and
coworkers [83] have discovered a fast, facile method for
preparing AuNCs by blending Chloroauric Acid (HAuCl4 )
with histidine. It is the first time for preparing AuNCs with
amino acid as the reductant and stabilizer at the same time.
Kawasaki et al. have reported the DMF-protected AuNCs
through the interactions of the amide groups of DMF with
AuNCs, which possess high thermal stability, high dispersion
stability in various solvents, and high photochemical stability,
as shown in Figure 4 [78].
2.2.2. Ligand-Protected Gold Nanoclusters. Early studies for
the AuNCs are focused on synthesizing by strong reducing
agent and strong capping agents such as thiol [87, 88],
dendrimers [34], and polymers [89]. For synthesizing high
yield of AuNCs, a practical way was discovered involving
weaker reducing agent in the present of strong capping agent.
This method can form nanoparticle-free AuNCs efficiently
with slower reduction rate [44]. Due to excellent optical,
electronic, and chemical properties, ligand-protected gold
nanoclusters have been extensively investigated, especially for
their potential applications in biomedicine and nanoelectronics.
(1) Phosphine as Ligand [91]. In the infant stage, phosphine
molecules have been widely utilized as a ligand during the
preparation of AuNCs [92, 93]. The phosphine-capped
AuNCs are stable to the ambient conditions and controllable
over cluster core size. Generally, phosphine-capped AuNCs
are synthesized by sodium borohydride reduction. In
the 1960s, an 11 gold atoms phosphine-protected cluster,
Au11 (PPh3 )7 (SCN)3 , was firstly reported [92]. And an Au13 centered icosahedral structure cluster was successfully prepared in 1981 [94]. Schmid et al. reported Au55 -centered nanoclusters with an average core size of ∼1.4 nm [95]. The method
was optimized by Hutchison and coworkers, who developed
a more convenient, safer approach to synthesize phosphinecapped gold nanoclusters [96]. In recent development of
phosphine-capped gold nanoclusters, Wan et al. isolated
new phosphine-protected Au20 nanoclusters through the
reduction of Au (PPhpy2 ) Cl [PPhpy2 = bis (2-pyridyl)
phenylphosphine] by NaBH4 , the Au20 core was the fusion of
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Figure 5: Phosphine-stabilized Au11 clusters in chloroform were reacted with glutathione (GSH) in water under a nitrogen atmosphere.
Reprinted with permission from [90], ©2005, American Chemical Society.

two Au11 clusters [97]. Although phosphine-capped AuNCs
are one of the important classes in the gold clusters families,
the synthetic method still faces some problems such as
tedious extractions, numerous steps, and unstable production
tending to decompose. Since gold atoms have a good affinity
to –SH groups, the unstable phosphine-stabilized AuNCs
could be transferred into thiol–stabilized gold clusters.
Hutchison and colleagues have reported a versatile ligandexchange reaction and first described the mechanism of thiolphosphine ligand exchanges [98]. As shown in Figure 5,
Shichibu et al. synthesized glutathione-capped AuNCs (Au25
(SG)18 ) by ligand exchange with phosphine-stabilized Au11
clusters. Teranishi and coworkers recently reported a bulk
solution synthetic method that permitted large scale, facile
synthesis of truly monodisperse Au38 nanoclusters, which
used a two-phase ligand exchange process based on GSH-Au
clusters, and led to monodisperse Au38 nanoclusters in high
purity [90].
(2) Thiolate-Capped Gold Nanoclusters. Brust et al. have done
the pioneering work based on the reduction of the metal
precursors and the formation of metal core [99]. Owing to
a strong affinity for thiols and Au, thiol-containing small
molecules were extensively used to stabilize gold nanoclusters
in the aqueous solution [6]. Using thiol-containing small
molecules as stabilizers rendered much more controllable
AuNCs than phosphine-capped ones, contributing to the
stronger Au-S covalent bonding. Thus they have been
intensely pursued in last decades.
Generally, the method of synthesizing thiolate-capped
AuNCs has processes as follows. Gold salts [AuCl4 ]− are
dissolved in water and then transferred to an organic solvent
by phase transfer agent; the thiols are added to the mixture to
reduce Au3+ ions into Au+ ions and form Au+ -SR complexes
or polymers; then the Au+ polymers are reduced by adding
the reducing agent into thiolate-protective gold nanoclusters.
The fluorescence of thiolate-protected AuNCs (referred
to as Au𝑛 (SR)𝑚 , where 𝑛 and 𝑚 are the respective number
of metal atoms and ligands) was effected by the kind of
ligand and core charge state. In order to enhance fluorescence,
different chain lengths of thiols will be chosen for the
biolabeling and imaging applications [100]. Jin and colleagues
discovered “size focusing” method to synthesize atomically
monodisperse thiolate-stabilized AuNCs using different thiol
ligand (-SR: -SC2 H4 Ph, -SC12 H25 , SG, and SC10 H22 COOH)
[101].
Glutathione (GSH), a ubiquitous low-molecular weight
thiol, played a significant role in making AuNCs which

showed good water solubility, bioactive surface, and high
stability. It has been widely investigated for protecting the
Au3+ ions when they were being reduced by sodium borohydride (NaBH4 ) [102–104]. Whetten and coworkers have
unveiled an unprecedented thiol-protective AuNCs by using
the GSH (N-𝛾-glutamyl-cysteinyl-glycine) as the stabilizer.
The as-synthesized AuNCs were fractionated by using polyacrylamide gel electrophoresis (PAGE) and characterized by
mass spectrometry (MS) [102]. Tsukuda and colleagues have
also reported the characterization of fractionated AuNCs
protected by GSH monolayers using mass spectrometric. The
as-prepared AuNCs were isolated into single-sized Au𝑛 (SR)𝑚
clusters by the PAGE method with 𝑛 = 18, 21, 25, 28, 32, 39
(called magic-numbered clusters) [103]. Liu and coworkers
employed GSH-stabilized AuNCs (GSH-Au NCs) as the sensor of Cr (III) and Cr (VI) through fluorescence quenching
[105]. In the method, GSH was used as an environment
friendly reducing/protecting regent for preparing AuNCs in
physiological temperature for 24 h. The as-prepared AuNCs
exhibited yellow under visible light, but the color turned into
bright red when radiated by UV light, as shown in Figure 6.
Moreover, various other thiols can be used to stabilize the
AuNCs such as tiopronin [106], phenylethylthiolate [107], thiolate 𝛼-Cyclodextrin [108, 109], mercaptopropionic acid [110,
111], bidentate dihydrolipoic (DHLA) [112], dodecanethiol
[113], and D-penicillamine [41, 114, 115]. Using these mercaptolinkers above makes the AuNCs possess higher fluorescent
yield and monodispersion. Mattoussi and coworkers [47] prepared a highly fluorescent gold nanoclusters with emission
centered at ∼750 nm NIR region using bidentate ligand as
stabilizing agent. Shang et al. have reported a novel watersoluble Au-SR using the D-penicillamine (DPA) and a mild
reductant. The DPA-capped AuNCs show an enhancement of
the fluorescence intensity and a remarkable stability (∼QY =
1.3%), which have potential for bioimaging application.
2.3. “Nanoparticles to Clusters” Route. With the development
of techniques, a novel method is reported that involves
etching surface atoms of gold nanoparticles by appropriate
ligands. Different small molecules and polymers have been
exploited as the etchant such as thiols (e.g., glutathione,
dihydrolipoic acid, and phenylethylthiol) [16, 116, 117] and
biomacromolecules (e.g., BSA). Typical procedure contains
the following: first, mixing the surface-stabled gold nanoparticles with excessive etchant (small molecules/polymers) and
then etching the gold NPs’ surface via ligand exchange
and finally, generating etchant-gold complexation. Using this
method can enhance the fluorescent effect of AuNCs (QY∼4–
20%).
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Figure 6: (a) GSH-protected AuNCs under visible light (left) and UV light (right), respectively. (b) UV/vis absorption, fluorescence excitation
(emission at 710 nm), and emission (excitation at 410 nm) spectra of GSH-Au NCs. Reprinted with permission from [105], ©2013, Science
Direction.

2.3.1. Ligand-Induced Etching. In the past decades, a series of
protecting ligands have been exploited to prepare relatively
controllable monolayer protected clusters (MPCs). The ligands such as phosphines, thiols, amines, and polymers have
multiple functions in effecting the cluster size and physical/
chemical properties. Besides the one-pot method by direct
reduction of Au3+ ions in the presence of thiols mentioned
above, fluorescent gold MPCs can be synthesized by etching
Au core with excessive ligands. The study of monolayer gold
MPCs has been separated into three stages: polydispersed
nanoclusters; monodispersed nanoclusters; and atomically
precise nanoclusters [118]. Jin et al. have discovered a kinetically controlled method based on ligand-induced etching
for preparing atomically monodisperse Au-SR, called “size
focusing” method. For instance, Jin and coworkers developed
a facile, high yielding synthetic approach to synthesize Au38
(SC2 H4 Ph)24 clusters with excess phenylethylthiol. Schaaff
and coworkers conducted thiol etching on a combination of
14k and 8k species, the result showed that the 8 kDa species
became enriched [119]. Duan and colleague have reported
synthesizing blue-emitting monodisperse AuNCs by exploiting the etching property of hyperbranched and multivalent
polymers—polyethylenimine (PEI). In the approach, asprepared Au nanocrystals in dimension for ∼8 nm were
synthesized by modified Brust-Schiffrin method. Once acting
with excessive PEI, the separated AuNCs with 8 atoms emitted intense green light under UV light irradiation (365 nm),
as shown in Figure 7 [64].
Parak and coworkers reported a precursor-induced etching method for the preparation of water-soluble fluorescent dihydrolipoic acid-capped AuNCs [16]. In the method,
gold NPs stabled by didodecyldimethylammonium bromide
(DDAB) were synthesized in the organic phase, followed by

precursor induced etching into AuNCs. Synthesis of watersoluble AuNCs was depending on the ligand exchange with
reduced lipoic acid (DHLA). Upon the production transfer
to aqueous solution, they became intensely red-luminescent
with QY∼3.45%. This report exhibited a totally novel method
for preparing ultrasmall fluorescent AuNCs even if the
detailed mechanisms have not yet been clearly elucidated.
2.3.2. Solvent-Induced Etching. Phase transfer is demonstrated to be an effective approach for preparing the fluorescent metal NCs via the electrostatic interaction. Yuan
et al. [51] have developed a facile and versatile synthesis of
highly fluorescent, stable, and monodispersed AuNCs based
on a mild etching of originally polydispersed, nonfluorescent,
and unstable gold nanocrystals. Thiol-protected AuNCs were
synthesized by reducing the Au+ -SR with the reducing
agent (NaBH4 ) in the presence of glutathione (GSH) and
then transferring the polydispersed thiol-protected AuNCs
into an organic phase by adding cetyltrimethylammonium
bromide (CTAB) due to the electrostatic interactions between
negatively charged carboxyl group in GSH and the positively
charged cations of the hydrophobic salt [(CTA)+ (COO)− ].
The mild etching happened in the organic phase which led
to enhanced fluorescent monodisperse AuNCs. Moreover,
the fluorescent AuNCs can easily be transferred back to the
aqueous solution by injecting a salt to remove the (CTA)+ .
This approach is used to fabricate highly fluorescent AuNCs
with excellent stability, biocompatible protecting ligands, and
monodispersion, which has a promising prospect in bioimaging and biosensing application. Xie and coworkers have also
discovered a novel Au-thiolate NCs with highly luminescence (QY∼15%). The mechanism of aggregation-induced
emission (AIE) has been discovered. Due to the discovery,
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Figure 7: (a) and (c) are TEM of Au nanocrystals before and after ligand-induced etching. (b) UV-vis spectra of the original Au nanocrystals
(black), the etched nanocrystals after separation (red), the AuNCs mixture after etching (green), and the purified AuNCs after separation
(blue). (d) Color photographs of the original Au nanocrystals in chloroform (left) and the purified AuNCs in water (right). UV light (365 nm).
Reprinted with permission from [64], ©(2007), American Chemical Society.

the nonfluorescent oligomeric Au (I)-thiolate complexes can
generate strong luminescent under UV light depending on
the degree of aggregation. The AIE properties can be used
for designing AuNCs formed by the aggregation of Au (I)thiolate complexes and in situ generated Au core, which
aggregation was induced by adding a high concentration of
ethanol in water, as shown in Figure 8 [45].

3. Application of Gold Nanoclusters:
Biosensing, Biolabeling, and Bioimaging
AuNCs as nanoprobes have several advantages, as follows.
AuNCs have good stability and monodispersion in the
physiological environment leading to enhanced sensitivity
and increased tracking lifetime; AuNCs possess ultrasmall
size which can be easily uptaken by cells; the biological
functions of bioentities conjugated with AuNCs will not be
disturbed; photoluminescence in the form of fluorescence is
an important property of AuNCs; with decreasing the core
size, their fluorescence will show a blue-shift from the NIR
region to ultraviolet; the QY of AuNCs is much higher than

bulk gold and gold NPs in magnitude; compared with the
harsh synthetic steps and tedious surface modification of
quantum dots, it is much more achievable to prepare AuNCs
and the functional groups induced by the templates and
stabilizers are much convenient for coupling with the dyes,
peptide, DNA, and other markers; owing to the low content of
metal, AuNCs have good biocompatibility for lots of in vitro
and in vivo applications.
As mentioned above, fluorescent AuNCs are promising
material as fluorescent biolabels and light-emitting sources
in nanoscale; therefore, they can be applied in biological
labeling, imaging, detection, and so on.
The precondition for making the applications possible is
appropriate surface modification for AuNCs, which can eventually influence their stability, biocompatibility, targeting,
and other properties. The method functionalizing AuNCs
involves surface chemistry and bioconjugation, which should
promise AuNCs survival in these conditions. Herein, we will
summarize the strategies which are widespread in synthesizing functional AuNCs as fluorescent biological probes in
biolabeling, bioimaging, and biosensing applications.
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Figure 8: (a) Schematic illustration of solvent-induced AIE properties of oligomeric Au (I)-thiolate complexes. (b) Digital photos of Au (I)thiolate complexes in mixed solvents of ethanol and water with different 𝑓𝑒 under visible (top row) and UV (bottom row) light. (c) UV-vis
absorption and (d) photoemission spectra of Au (I)-thiolate complexes in mixed solvents with different 𝑓𝑒 . (Inset) Relationship between the
luminescence intensity and 𝑓𝑒 . The spectra were recorded 30 min after the sample preparation. Reprinted with permission from [45], ©(2012),
American Chemical Society.

3.1. Surface Functionalization. Nanoparticles are usually
modified with a variety of materials such as silica, synthetic
polymers, biopolymers, dendrimers, and small molecules
leading to introducing desired functionality [120, 121]. In the
early days, surface modification is based on chemisorption
through which bonds are weak and easy to rupture. A
novel strategy offering a stronger and more robust bond has
been discovered to modify NPs with more stable ligands
[122], which make it possible for AuNCs holding promising
applications in the biological field, in vitro and in vivo. Hence,
there are several demands to AuNCs: (1) they should be watersoluble and stable in a physiological environment; (2) they
should possess targeting to specific tissue with high selectivity
in vivo; and (3) they should be efficiently discharged by the
metabolic system for lowest toxicity [121]. In order to fit the
bills, a mountain of work has been done to tailor functional
AuNCs with various coating and bioconjugation.
The silica coating, one of the most multifunctional methods of surface functionalization, can couple the advantage of
BSA-templated AuNCs with the silica particles. Guével and
coworkers [123] have highlighted a novel kind of fluorescent

core-shell nanoparticles by BSA-templated AuNCs. The asprepared AuNCs doped Si NPs show monodispersion, higher
stability, NIR emission wavelength, and enhanced fluorescent
intensity. Moreover, the silica shell allows AuNCs to be
conjugated with bioactive entities (e.g., peptide, folic acid
(FA), antibody, and polymer).
Bioconjugation is an effective route to introduce extra
functionality onto nanoclusters through several functional
groups such as primary amide, carboxylic acid, alcohols,
and thiols [124]. According to the synthesis of AuNCs as
we have discussed before, the majority of template-directed
and ligand-protected clusters possess the carboxylic acids on
the surface as functional groups, which can conjugate with
amino-terminal biomolecules. The reaction is commonly
catalyzed with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and sulfo-N-hydroxysuccinimide (sulfo-NHS)
to form amide bond. Yan and colleagues have developed
an approach to conjugate Cyclo(Arg-Gly-Asp-D-Phe-Lys)
(RGD) peptide to BSA-stabilized AuNCs with the use of coupling agents [125]. A simple one-pot method has been studied
by Shang and colleagues for synthesizing D-penicillaminecapped AuNCs, which have both amino and carboxylic
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3.2.1. Heavy Metal Ions Detection. Due to high hazard and
bioaccumulation in vital organs and tissues of heavy metal
ions such as mercury, copper, and chromium ions, related
investigations of heavy metal ions detection have received
increasing attention. For the sake of protecting our environment and health, some effective strategies are highly desirable
for the sensitive and selective detection of heavy metal ions.
The detection of Hg2+ is based on biomolecules (proteins
[129, 130], antibodies [131], oligonucleotides [132], DNAzyme
[133, 134], etc.), gold nanoparticles [135, 136], small organic
molecules [137, 138], and other materials such as inorganic
molecules [139, 140]. Recently, AuNCs have been exploited
as the sensor of Hg2+ . Xie et al. initially developed a
method to synthesize AuNCs with BSA and further apply the
BSA-templated AuNCs to the Hg2+ sensing in 2010 [141].
This approach utilized the specific and strong interaction
between the Au+ and Hg2+ , which effectively quenched the
fluorescence of AuNCs. This process can specifically detect
and monitor Hg2+ ions at minimal concentration of 0.5 nM.
Tseng and Lin have reported selectively sensing Hg2+ and
CH3 Hg+ using lysozyme type VI-stabilized AuNCs (Lys VIAuNCs) through the interaction between Hg2+ /CH3 Hg+ and
Au+ on the cluster surface, as shown in Figure 9. The limit
of detection (LOD) for Hg2+ /CH3 Hg+ was 3 pM and 4 nM,
respectively [54], which is much lower than the maximum
concentration in the drinking water permitted by the U.S.
Environmental Protection Agency (EPA).
Chang and colleagues have unveiled a new assay for the
highly selective and sensitive detection of Hg2+ ions based
on aggregation-induced quenching of the fluorescence of 11mercaptoundecanoic acid (11-MUA) protected AuNCs. This
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3.2. Biological Sensing Application. The minitype sensor in
nanoscale is of interest in the wide array of biomedical
applications and environmental science for detection of metal
ions and biomolecules possessing high sensitivity and low
cost. The surface modified AuNCs can be utilized as biosensors with the fluorescent AuNCs core as transducer and the
surface functionalized molecules as recognition component.

0.2

(IF0 − IF )/IF0

groups on the surface for further bioconjugation. Abad
and coworkers have synthesized AuNCs capped with dihydrolipoic acid (DHLA), which possess hydrophilic carboxyl
group providing an anchor for biological molecules conjugation such as covalent linkage [126]. AuNCs coated with
carboxylic acid have been bonded with polymers containing
amine functionalities by ion pairing without EDC and NHS.
Mattoussi and coworkers have reported preparing the AuNCs
stabilized with zwitterion-appended lipoic acid ligands, in
which process reactive groups (amine or carboxyl group) can
be inserted in situ on the surface of production for further
bioconjugation [47].
In addition to the further steps for surface functionalization, the introduction of ultrabiocompatible interface
and the protection of AuNCs have occurred simultaneously
in terms of the template-directed fluorescent AuNCs. For
instant, proteins such as BSA are extensively exploited as
the stabilizers for preparing fluorescent AuNCs bringing in
controllable functional groups [127, 128].
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(b)

Figure 9: Relative fluorescence intensities [(𝐼𝐹0 − 𝐼𝐹 )/𝐼𝐹0 ] at 631 nm
of solutions of Lys VI-AuNCs after the addition of (a) Hg2+
(100 nM), CH3 Hg+ (100 nM), and other metal ions (50 𝜇M) and (b)
anions (50 𝜇M). The excitation wavelength was set to 400 nm. The
incubation time was 10 min. It should be noted that 𝐼𝐹0 and 𝐼𝐹 are
the fluorescence intensities of the AuNCs before and after adding
analytes, respectively. Reprinted with permission from [54], ©2010,
Analytical Chemistry.

fluorescence quenching induced by the aggregation of gold
NPs in the present of Hg2+ was firstly reported as a method
for sensing metal ions [33].
Copper widely exists and is essential for all the plants
and animals for being the key factor in producing numerous
enzymes and involved in various physiologic processes;
however, excessive copper ions will lead to cellular toxicity,
liver damage, and other damages of organisms [54, 142, 143].
Thus, considerable efforts have been made in the field of Cu2+
detection using fluorescent AuNCs as a sensor. Gaetke and
colleagues have demonstrated a novel method using GSHstabilized AuNCs as highly sensitive and selective fluorescent
sensor for copper ions based on ion-induced aggregation
of AuNCs [144]. In addition, the quenched fluorescence of
AuNCs can be recovered through adding a strong metal
ion chelator, ethylenediaminetetraacetate (EDTA). Guo and
coworkers also reported a novel synthetic approach of NIR
fluorescent AuNCs recently, which was realized by the heatassisted reduction of an Au+ -thiol complex. The as-prepared
AuNCs are able to selectively and sensitively detect copper
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Figure 10: Schematic of the formation and the H2 O2 directed quenching of HRP-AuNCs. Reprinted with permission from [127], ©2011,
American Chemical Society.

ions with a minimal concentration as low as 1.6 nM [145].
Guo and coworkers published the detection method of Cu2+
employing lysine-functionalized AuNCs (AuNCs@Lys) as
fluorescent probes [146]. The mechanism of this sensing
process is the tunable fluorescent signal of AuNCs@Lys
quenched by the link of copper ions and lysine. The concentrate scale the probe can determine is from 10 nM to 7 𝜇M,
which is far low than the maximum level of Cu in drinking
water (20 𝜇M) permitted by the EPA of the U.S. [147].
A masking method for improving selectivity of AuNCs has
been developed by Cao and coworkers for higher selective
detection of mercury and copper ions. By adding the “masking” agents, respectively, Cu2+ and Hg2+ ions are inhibited
to interact with AuNCs and eliminated the corresponding
quenching effect; thus the ions without being inhibited can
be detected [148].
Moreover, Ho and coworkers have described a facile onepot method to sense ferric ions by the fluorescent AuNCs
stabilized and reduced by L-3, 4-dihydroxyphenylalanine
(L-DOPA). The as-prepared AuNCs exhibited a fluorescent
quench based on the ferric ions-induced aggregation, whose
detection limit of the Fe3+ was lower than the maximum level
allowed by the U.S. EPA (5.4 𝜇M) [149].
3.2.2. Small Molecules and Biomacromolecules Detection. In
addition to heavy metal ion detection, fluorescent AuNCs
can also be exploited detecting small molecules (hydrogen
peroxide [40, 150], enzymes [151–153], dopamine [154–156],
nitrite [157], cholesterol [158], folic acid [159], ciprofloxacin
[160], etc.) and biological macromolecules (proteins [161–
166], glucose [40, 167], etc.). Zhang and coworkers have
showed a biomineralization strategy for the detection of
hydrogen peroxide by synthesizing the AuNCs by a functional template–Horseradish peroxidase (HRP) at physiological conditions [127]. The fluorescence of HRP-stabilized

AuNCs was quenched upon the addition of H2 O2 in the range
from 100 nM to 100 𝜇M with a LOD of 30 nM, as shown in
Figure 10.
The detection of biological thiols such as cysteine (Cys)
and glutathione (GSH) has been extensively investigated.
Cys plays an important role in biological system from the
protein formation to being an antidote for alcoholic adverse
reactions. GSH is the most abundant thiol in cells which
participates in numerous biological reactions such as neutralizing free radicals and peroxides, HIV expression, and
cancer therapy, which show that the altering level of GSH is
related to the diabetes and HIV disease. So the level of GSH in
biological organism is measured with great importance. Park
and coworkers have elaborated the detection of biological
thiols systematically by using the BSA-stabilized AuNCs. The
method is based on Hg2+ -induced fluorescence quenching
through high affinity of Au+ and Hg2+ and blocking this
interaction by selective coordination of thiols with Hg2+ .
This fluorescence-based sensing method for biothiols has
advantages such as simple steps, fast reaction time, and costeffectiveness. Recently, Huang et al. have reported a simple,
immune-dependent, and label-free method for cystatin C
(Cys C) detection. To achieve the detection, BSA-templated
AuNCs have been employed as the fluorescent probe, which
process is based on the papain-induced quenching of AuNCs
and the fluorescent recovery by the coexistence of Cys
C. Papain can digest the scaffold of AuNCs, BSA, based
on its protease activity, and Cys C as a powerful cysteine
proteinase inhibitors, capable of inhibiting the activity of
papain to protect the AuNCs from aggregation. Fluorescent
AuNCs enable detecting Cys C in the range of 25 ng/mL–
2.0 𝜇g/mL. Tseng et al. have also presented a method for
sensing glutathione (GSH) by (Lysozyme Type VI) stabilized
(Lys VI) AuNCs (contain 8 gold atoms). The PH-dependent
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blue-emitting AuNCs could detect GSH resulted from the
formation of GSH-Au+ complexes. By specific etching reaction of GSH and AuNCs core, the fluorescence of AuNCs was
quenched to show the altering level of GSH with a sensing
limitation of 20 nM.
Dopamine (DA), as a vital catecholamine neurotransmitter, plays a significant role in the central nervous, renal,
and hormonal systems [168]. The detection of DA with
simple, high performance, nontoxicity has been developed
employing the AuNCs as biosensor. Qu and coworkers
have firstly discussed the detection of dopamine involving
BSA-templated AuNCs electrogenerated chemiluminescence
(ECL) study [155]. The process was realized by injecting
DA into the electrolyte, the ECL of the AuNCs exhibited
a distinct linear increase response to the increase of DA’s
concentration. The highly sensitive and selective fluorescence
and colorimetric sensing of DA was in the first time described
using a BSA-stabilized AuNCs by Sony and colleague [154].
The fluorescence of BSA-AuNCs showed a decrease once
adding DA due to the photoinduced electron transfer of DA
to AuNCs. In the meantime, the peroxidase-like activity of
AuNCs was inhibited in the present of DA leading to a visual
detection with highly selectivity.
AuNCs-based fluorescent protein sensor can be achieved
by coupled selective recognition molecules with the fluorescent AuNCs. Of the substantial trial for forming AuNCsbased protein sensors, Leblanc’s group initially reported the
conjugation of anti-human IgG to the PAMAM-stabilized
AuNCs for detecting the human IgG antigen [161]. Linear
fluorescence quenching coordinated with the formation of
antigen-antibody immunocomplexes. Chang and colleagues
unveiled a novel protein sensor by using the light switching
system based on biofunctional 11-MUA-protected AuNCs
and bioconjugated 13 nm gold NPs [165]. Platelet-derived
growth factor AA (PDGF AA), as a breast cancer marker
protein, can be conjugated to AuNCs (PDGF AA- AALAuND ). Thiol-derivation aptamers (Apt) with high affinity to
PDGFs interacted with gold NPs (Apt-QAuNP ). PDGF AALAuND can attach to the Apt-QAuNP leading to the fluorescence
quenching by resonance energy transfer. Upon the addition
of free PDGF or PDGF 𝛼-receptor, the fluorescence can be
recovered as a result of competitive reaction of PDGF/AptQAuNP or PDGF 𝛼-receptor/PDGF AA-LAuND , as shown in
Figure 11. The mannose-protected AuNCs have also been
synthesized for the detection of Concanavalin A (Con A)
with high sensitivity and other proteins and lectins [166].
In this method, the fluorescent AuNCs were synthesized
by etching the THPC-reduced AuNCs by excessive ManSH, which showed a high sensing limitation to Con A and
E. coli attributed to multivalent cooperative interactions
between Man-AuNCs and proteins. This approach provided
the lowest LOD value for Con A (75 pM) and yielded brightly
fluorescent cell clusters when binding to bacteria.
Glucose on one hand is the major energy source of
living cells, of significance in the synthesis of other complex
molecules, and an important factor of human health condition; on the other hand, it leads to many diseases such
as diabetes when holding at an abnormal level. Typically,
the detection of glucose by the fluorescent AuNCs probes is
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Figure 11: Schematic representations of PDGF and PDGF receptor biological nanosensors blocking the fluorescence quenching
between PDGF AA-LAuND and Apt-QAuNP . Reprinted with permission from [165], ©(2008), American Chemical Society.

as follows: the biomolecules-stabilized AuNCs were synthesized; moreover, glucose can be oxidized by oxygen incubated
with glucose oxidase (GOD) which produces H2 O2 as the
intermediation. The H2 O2 -induced aggregation of AuNCs
can lead to the fluorescence quenching and vicariously
detecting the glucose [168, 169].
3.3. Biological Labeling and Imaging. AuNCs, as an emerging
fluorescent nanomaterial, possess a dramatic number of characteristics as follows: ultrasmall size, good water solubility,
biocompatibility, photostability, and large Stokes shifts; all
these properties make them promising fluorescent probes for
biological labeling and imaging [170, 171].
The fluorescent AuNCs as cell labels are considered to
realize the long observation times and stable emission of
fluorescence microscopy in live cells so as to understand the
dynamics of intracellular networks better. Parak et al. have
prepared water-soluble fluorescent DHLA-protected AuNCs
(AuNCs@DHLA), then bioconjugated with streptavidin for
specific probing of the intracellular distribution of endogenous biotin in liver cell [16]. Thereafter, an investigation
was also described by Chang and coworkers to elucidate
the fluorescent and biocompatibility features of AuNCs by
labeling the endothelial progenitor cells (EPC) [172]. The
result indicated that the fluorescence of labeled cells did not
decrease as well as maintained intact angiogenic potential.
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Figure 12: Intracellular GSH-triggered release of anticancer drugs
loaded within DEGNPs. Reprinted with permission from [178],
©2013, American Chemical Society.

Furthermore, AuNCs are attractive in the biomedicine
field for diagnostics and therapeutics due to ultrasmall
size, strong fluorescence emission and good biocompatibility
[172–176]. Irudayaraj and coworkers have described the fluorescent BSA-protected AuNCs conjugated with Herceptin
(AuNCs-Her) for targeting fluorescent imaging and cancer
therapy at the same time [177]. The ultrafine novel fluorescent
probes were demonstrated having the ability to enter the
nucleus with high targeting specificity and nuclear localization capability for effective drug delivery and therapeutic
efficacy. Botella and coworkers have designed a phototheranostic agent based on chlorin e6 (Ce6) photosensitizerconjugated silica-coated AuNCs (AuNC@SiO2 -Ce6) for fluorescent imaging-guided photodynamic therapy [175]. And
most recently, Cheng and colleagues have published the first
report of using Dendrimer-encapsulated gold nanoparticles
(DEGNPs) as the scaffold to develop stimuli-responsive drug
delivery systems, as shown in Figure 12 [178]. The DEGNPs
can be loaded with thiolates anticancer drugs via Au-S bond.
After triggering to the tumor cell by GSH, the drugs can be
released in tumors. This strategy opened up new possibilities
to exploit subnanosized NPs for an “off-on” drug release
system.
In addition to achieve more effective therapeutic effect,
AuNCs-based probes can also be utilized for highly specific
and accurate cancer diagnosis. Most recently, to achieve high
accuracy and specificity of cancer diagnosis, novel fluorescence enzyme mimetic nanoprobes have been described by
Chen et al. based on folic acid modified gold nanoclusters
[173]. In this method, the BSA-stabilized AuNCs were synthesized to facilitate a rapid, cost-effective, and versatile NIR
imaging/visualizing cancer diagnosis system. The peroxidase
mimetic AuNCs conjugated to folic acid possess enhanced
targeting ability to folate receptor over-expressing tumors,
and combined with other superior properties, they can
be employed for a colocalization staining method which
diagnoses cancer rapidly through microscopic imaging with
bright field and fluorescent imaging simultaneously.
Biological imaging in vivo is confronted with much more
challenges than cellular imaging such as difficulty in survive
in complex physiological environment and weak intensity
of visible light blocking by organic tissue. The emitted light

in the NIR region of AuNCs is capable of penetrating into
deeper tissue and detecting stronger intensity due to weakest
biological autofluorescence. Besides, unlike the toxic QDs
and low-stability organic dyes, AuNCs with ultrafine size,
good water-solubility, biocompatibility, and good photostability are of great interest to be fluorescent nanoprobes for
biological imaging. As mentioned above, AuNCs are ideal
bioprobes for bioimaging in vivo. Herein, we will show the
latest development in bioimaging.
The two-photon excitation photoluminescence measurement was utilized to demonstrate the strong advantage in live
cell imaging compared with organic dyes and quantum dots
such as the ability of deeper inside tissues and the reduced
phototoxicity of NIR light. Goodson and colleagues have
investigated two-photo absorption (TPA) of Au25 clusters
in NIR region in organic phase, and TPA cross-sections
increase to an extremely high level at 800 nm which make
it possible for applications in optical power limiting nanolithography [182]. Xu and coworkers have investigated the
one- and two-photon excitation properties of water-soluble
GSH-protected AuNCs and their applications in bioimaging
[183]. In this report, the TPA property and application as
fluorescence imaging contrast agents of GSH-AuNCs have
been explored. The TPA cross section of GSH-AuNCs is
much larger compared with organic dyes and QDs as well
as the low toxicity and exceptional photostability which
show their as promising in live cell fluorescent imaging
and other bioimaging in vivo. Shang et al. have studied the
process that DPA-AuNCs are internalized by HeLa cells in
endosomal vesicles through two-photo imaging [41]. After
2 hours of incubation of DPA-AuNCs and HeLa cells, the
images were captured by confocal microscopy with twophoton excitation. The fluorescence of probes ingested by
the HeLa cells can easily be seen through 3D reconstruction
images which reveal the nanoclusters inside the cells as well
as those attached to the outside of the plasma membrane.
The study of two-photon induced luminescence of 11-MUAAuNCs has been reported by Chou and co-workers. The
two-photon induced fluorescent imaging was used to human
mesenchymal stem cells (hMSCs) through the stable and
nontoxicity nanoprobes, which revealed that the 11-MUAAuNCs were internalized into the cells and mainly resided in
the cytoplasm nearby the nucleus, as shown in Figure 13 [179].
Compared with fluorescent intensity imaging, fluorescent
lifetime imaging microscopy (FLIM) could separate the
species based on differences in the exponential decay rate
of fluorescence (lifetime), which is independent of the local
concentration of fluorescent molecules and the excitation
intensity [184]. Shang and colleagues have investigated the
fluorescent DHLA-AuNCs in HeLa cells by the FLIM technique. The lifetimes of DHLA-AuNCs (>100 ns) is two order
of magnitude longer than the lifetime of biological fluorescent
fluorophores. Owing to this, the biological imaging can be
achieved in the complete absence of cellular autofluorescence.
The intensity and lifetime images of cell without and with
AuNCs have been shown and indicated that the AuNCs
have been internalized by the cells. The as-prepared NCs
have many other features for promising candidate of wide
applications in biomedical field. In the meantime, Irudayaraj
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Figure 13: hMSCs were treated with dextran-coated 11MUA-Au nanodots for 24 h and then processed for two-photon and confocal
microscopic examination. (a) Cell nucleus was stained with DAPI (blue color). (b) Actin fiber was stained with rhodamine phalloidin to
confirm the cell boundary (red color). (c) Dextran-coated 11MUA-Au nanodots exhibit a two-photon emission (green luminescence) for in
vitro bioapplication. (d) Fluorescence image overlay of the three images demonstrating the internalization of 11MUA-Au nanodots residing
near the nucleus. Reprinted with permission from [179], ©2009, American Chemical Society.

and workmates have exploited FLIM combined with fluorescent correlation spectroscopy (FCS) to track the diffusion of
Herceptin-conjugated AuNCs and its entry into the nucleus
in SK-BR3 cells [177]. The SK-BR3 cell is a human breast
cancer cell overexpressing human epidermal growth factor
receptor 2 (HER2) on the cell membrane. The AuNCs-Her
was specifically endocytosed into the nucleus of SK-BR3
cells causing DNA damage showed by FLIM, as shown in
Figure 14.
Biological imaging in vivo is confronted with much more
challenges than cellular imaging such as difficulty in survive
in complex physiological environment and weak intensity
of visible light blocking by organic tissue. The emitted light
in the NIR region of AuNCs is capable of penetrating into
deeper tissue and detecting stronger intensity due to weakest
biological autofluorescence. Besides, unlike the toxic QDs
and low-stability organic dyes, AuNCs with ultrafine size,
good water-solubility, biocompatibility, and good photostability are of great interest to be fluorescent nanoprobes for
biological imaging. All of these properties indicates that
AuNCs are ideal bioprobes for bioimaging in vivo. Herein, we
will show the latest development in bioimaging.
Zhang et al. have developed the utilization of AuNCs
into multimodal imaging technique for early cancer diagnosis

[185]. In this method, BSA-stabilized AuNCs are synthesized as the highly fluorescent and strong X-ray absorption
coefficient contrast agent for fluorescent and X-ray dualmodality imaging. Coincidentally, Cui and coworkers have
prepared FA-conjugated AuNCs@SiO2 nanoprobes for in
vivo dual-modal fluorescent and X-ray computed tomography gastric cancer targeting imaging [180]. Nude mice model
with xenograft tumor based on MGC-803 cells was injected
with these targeting fluorescent nanoprobes via tail vein
followed by dual-modal imaging. The experimental results
demonstrated that FA-conjugated AuNCs@SiO2 can effectively target in vivo gastric cancer cells and exhibited excellent
NIR fluorescent imaging and presented distinguished CT
signals in X-ray imaging, as shown in Figure 15.
Moreover, a multimodal imaging method blending NIR
fluorescent imaging and magnetic resonance imaging (MRI)
has been achieved by Koyakutty and coworkers recently with
the aid of gadolinium oxide and Au (Gd2 O3 /Au) hybrid
targeting nanoprobes [186]. The as-synthesized nanoclusters
fabricated by biomineralization showed both intense redemitting fluorescence and good magnetic resonance imaging
ability and were further functionalized with RGD peptide
for realizing the targeted tumor imaging application in vivo.
In addition, the over expression of 𝛼𝑉𝛽3 integrin in U87
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Figure 14: Fluorescent images showed the cell apoptosis induced by (a) AuNCs alone; (b) AuNCs-Her; (c) Herceptin by staining the nucleus
with Hoechst 33258 (UV light 460 nm). FLIM shows the DNA damage of SK-BR3 cells induced by (d) AuNCs-Her; (e) Herceptin indicated by
the bright yellow dots. (f) Quantitative evaluation of DNA damage of cells as a percentage of the total number of cells for different treatments.
Reprinted with permission from [177], ©2011, American Chemical Society.

tumor cell can enhance the specific accumulation of RGDGd2 O3 /Au. RGD conjugated Gd2 O3 /Au (RGD-Gd2 O3 /Au)
nanoclusters injected into U87-MG tumor-bearing mice via
tail vein showed distinguished specific accumulation in U87
tumor with longer retain time for targeted bioimaging in
vivo. Currently, the majority of nanoprobes conjugated to
targetable molecules are synthesized in labs followed by the
purify steps and then injected into live animals. Although
possessing ultrasmall size (nanoscale), relative stability in
biological systems, and validated biocompatibility, the exogenous nanoprobes will reach the specific site through organic

circulation, which inevitably triggers the clearance effect of
biosystems. In order to overcome this problem, Wang and
companions have created a biosynthesize method of AuNCs
inside the cytoplasm through enforcing an efficient spontaneous reduction of chloroauric acid biocompatible salts by
cancer cells, as shown in Figure 16 [181]. Although the mechanism of this novel bioimaging of cancer cells and tumors is
still unknown, AuNCs have been successfully formed inside
the cytoplasm and confirmed in vivo for specially labeling on
the xenograft tumor mouse modal by fluorescent imaging.
Thus, this novel method is remarkable not only for facilitating
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Figure 15: AuNCs@SiO2 -FA nanoprobes for fluorescence imaging. (a) In vitro fluorescence image of AuNCs@SiO2 -FA in 0.01 M PBS with
different concentrations; (b) In vivo fluorescence image of 50 uL AuNCs@SiO2 -FA injected subcutaneously at three different doses (area-1:
56 mg/mL; area-2: 112 mg/mL; area-3: 226 mg/mL) into the left mice. The left mice without injection was selected as control; (c) fluorescence
image of tumor tissues with tail vein injection at the concentration of 287 mg/mL at 6 h postinjection. Reprinted with permission from [180],
©2013, Journal of Nanobiotechnology.

fluorescent nanoprobes with biosynthetic, self-imaging, and
NPs circulation elusion peculiarities but also for showing a
different concept of highly sensitive and specific nanoprobes
for bioimaging application compared with current system.

4. Summary and Outlook
Fluorescent AuNCs, as an emerging fluorescent nanomaterial, possess a great deal of exceptional advantages such
as good water-solubility, high photostability, large Stokes
shift, ultrasmall size, nontoxicity, and good biocompatibility,
compared with conventional organic dyes, rare earth-based
quantum dots, and other luminescent materials. Herein, first
of all, we have briefly summarized various approaches that
have been employed for preparing AuNCs based on two
routes: “bottom-up” and “top-down” routes. Recent advances
of the development of the synthetic methods have a farreaching influence on the future functionalization of AuNCs.
The surface modification of AuNCs endows a number of
new functionalities for them like targeting imaging properties
and therapeutic effects. In the second part, the most recent
advances of bioapplications have been summed up such as

fluorescent detection of metal ions/biomolecules, fluorescent
cell labeling, and bioimaging in live animal.
Although a huge progression has been achieved to
develop the promising novel fluorescent nanoprobes, a variety of challenges in the way still make the future progress of
AuNCs.
With regard to the synthesis method and physical properties, there are several challenges we need to face in the future
study. Even with making tremendous efforts to optimize
the synthetic routes, problems remain existent such as the
unpurified AuNCs being polydispersed in the solvent and
exhibiting quantum yield lower than 20% within a broad
emission band. What is more, there is scarce strategy for
preparing size-focusing AuNCs with high reactive yield and
monodisperse advantage. Finally, the relationship between
the structure and optical properties of AuNCs requires deeper
investigation.
For the application of AuNCs, most of biological applications focus on employing them as biosensors or fluorescent
nanoprobes in bioimaging, and more applications involved
in the therapy of tumor can be developed. Furthermore,
the interaction between biological environment and AuNCs
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Figure 16: Schematic illustration of in situ biosynthesis of gold nanoclusters in cells and tumor imaging (top). Representative xenograft tumor
mouse models of hepatocellular carcinoma observed in normal light (a) or by in vivo fluorescence imaging (b) 24 h after a subcutaneous
injection of 10 mmol/L HAuCl4 solution near the tumor; (c) 24 h after a subcutaneous injection of 10 mmol/L HAuCl4 solution near the
tumor. (d) Control mouse observed by in vivo fluorescence imaging 48 h after a subcutaneous injection of 10 mmol/L HAuCl4 solution in
the right side of their abdomen (bottom). Reprinted from the permission of [181], Copyright ©2013, Rights Managed by Nature Publishing
Group.

is significant for the biological application of nanoprobes;
however, most investigators judge the performance in organism centering in the matter of nanomaterial themselves
(photostability, size-depending properties, etc.), but ignoring
the interaction between the organism and AuNCs which is
related to the safety of AuNCs used in the bionanotechnology
and the mechanism of biological applications.
In a word, gold nanoclusters with fascinating properties
have been extensively investigated and achieved marked
advance. Nevertheless, the application of AuNCs in biological
fields is still in the preliminary stage, and large amounts of
study are waiting for us in the synthesis, comprehending of
interaction mechanism, making full use of the decent features
of AuNCs, and extending the range of biological applications.
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[175] P. Botella, Í. Ortega, M. Quesada et al., “Multifunctional hybrid
materials for combined photo and chemotherapy of cancer,”
Dalton Transactions, vol. 41, no. 31, pp. 9286–9296, 2012.
[176] P. Huang, J. Lin, S. Wang et al., “Photosensitizer-conjugated
silica-coated gold nanoclusters for fluorescence imagingguided photodynamic therapy,” Biomaterials, vol. 34, no. 19, pp.
4643–4654, 2013.
[177] Y. Wang, J. Chen, and J. Irudayaraj, “Nuclear targeting dynamics
of gold nanoclusters for enhanced therapy of HER2+ breast
cancer,” ACS Nano, vol. 5, no. 12, pp. 9718–9725, 2011.
[178] X. Wang, X. Cai, J. Hu et al., “Glutathione-triggered ‘Off-On’
release of anticancer drugs from dendrimer-encapsulated gold
nanoparticles,” Journal of the American Chemical Society, vol.
135, no. 26, pp. 9805–9810, 2013.
[179] C.-L. Liu, M.-L. Ho, Y.-C. Chen et al., “Thiol-functionalized
gold nanodots: two-photon absorption property and imaging
in vitro,” Journal of Physical Chemistry C, vol. 113, no. 50, pp.
21082–21089, 2009.
[180] Z. Zhou, C. Zhang, Q. Qian et al., “Folic acid-conjugated
silica capped gold nanoclusters for targeted fluorescence/X-ray
computed tomography imaging,” Journal of Nanobiotechnology,
vol. 11, article 17, 2013.
[181] J. Wang, G. Zhang, Q. Li et al., “In vivo self-bio-imaging
of tumors through in situ biosynthesized fluorescent gold
nanoclusters,” Scientific reports, vol. 3, 2013.
[182] G. Ramakrishna, O. Varnavski, J. Kim, D. Lee, and T. Goodson, “Quantum-sized gold clusters as efficient two-photon
absorbers,” Journal of the American Chemical Society, vol. 130,
no. 15, pp. 5032–5033, 2008.

23
[183] L. Polavarapu, M. Manna, and Q.-H. Xu, “Biocompatible glutathione capped gold clusters as one- and two-photon excitation
fluorescence contrast agents for live cells imaging,” Nanoscale,
vol. 3, no. 2, pp. 429–434, 2011.
[184] T. W. J. Gadella Jr., T. M. Jovin, and R. M. Clegg, “Fluorescence
lifetime imaging microscopy (FLIM): spatial resolution of
microstructures on the nanosecond time scale,” Biophysical
Chemistry, vol. 48, no. 2, pp. 221–239, 1993.
[185] A. Zhang, Y. Tu, S. Qin et al., “Gold nanoclusters as contrast
agents for fluorescent and X-ray dual-modality imaging,” Journal of Colloid and Interface Science, vol. 372, no. 1, pp. 239–244,
2012.
[186] A. Retnakumari, S. Setua, D. Menon et al., “Molecular-receptorspecific, non-toxic, near-infrared-emitting Au cluster-protein
nanoconjugates for targeted cancer imaging,” Nanotechnology,
vol. 21, no. 5, Article ID 055103, 2010.

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2015, Article ID 854840, 8 pages
http://dx.doi.org/10.1155/2015/854840

Research Article
Mössbauer Spectroscopy, Structural and Magnetic Studies of
Zn2+ Substituted Magnesium Ferrite Nanomaterials Prepared by
Sol-Gel Method
Yun He,1 Xingxing Yang,1 Jinpei Lin,1 Qing Lin,1,2 and Jianghui Dong3
1

College of Physics and Technology, Guangxi Normal University, Guilin 541004, China
Department of Information Technology, Hainan Medical College, Haikou 571101, China
3
School of Natural and Built Environments, University of South Australia, Adelaide, SA 5095, Australia
2

Correspondence should be addressed to Qing Lin; hy@gxnu.edu.cn
Received 8 August 2014; Accepted 26 August 2014
Academic Editor: Xinqing Chen
Copyright © 2015 Yun He et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Zinc substituted magnesium ferrite nanomaterials Mg1−𝑥 Zn𝑥 Fe2 O4 (𝑥 = 0, 0.1, 0.3, 0.5, 0.7) powders have been prepared by a solgel autocombustion method. The lattice parameter increases with increase in Zn concentration, but average crystallite size tends
to decrease by increasing the zinc content. SEM results indicate the distribution of grains and morphology of the samples. Some
particles are agglomerated due to the presence of magnetic interactions among particles. Room temperature Mössbauer spectra of
Mg1−𝑥 Zn𝑥 Fe2 O4 shows that the A Mössbauer absorption area decreases and the B Mössbauer absorption area increases with zinc
concentration increasing. The change of the saturation magnetization can be explained with Néel’s theory. It was confirmed that the
transition from ferrimagnetic to superparamagnetic behaviour depends on increase in zinc concentration by Mössbauer spectra at
room temperature. Saturation magnetization increases and coercivity decreases with Zn content increasing.

1. Introduction
Magnesium ferrite is a soft magnetic n-type semiconducting
material, which is used in catalysis, gas sensors, transformers,
ferrofluids, fuel cells, and magnet core of coils [1, 2]. It
has been reported [3, 4] that the structure of magnesium
ferrite is partially inverse spinel, with 0.1 of Mg2+ ions
and 0.9 of Mg2+ ions distributed over the A and B sites
in the following way (Mg0.1 Fe0.9 )[Mg0.9 Fe1.1 ]O4 . The magnetic properties of nonmagnetic Zn substituted ferrites have
attracted considerable attention because of the importance
of these materials for high-frequency applications [5, 6].
Zinc ferrite possesses a normal spinel structure, and all Zn2+
ions reside on tetrahedral A sites. Therefore, substitution of
Mg by Zn in Mg1−𝑥 Zn𝑥 Fe2 O4 is expected to increase the
magnetic moment up to a certain limit; thereafter, it decreases
for the canting of spins in octahedral B sites. Choodamani
et al. [7] investigated thermal effect on magnetic properties
of Mg-Zn ferrite nanoparticles, and magnetic properties
were found to be affected by particle size. In this paper,

ferrite Mg1−𝑥 Zn𝑥 Fe2 O4 (𝑥 = 0, 0.1, 0.3, 0.5, 0.7) powders
were prepared by a sol-gel autocombustion method. The
aim of this study is to investigate variation structural and
magnetic properties of magnesium ferrite powders by partial
replacement of nonmagnetic zinc cations.

2. Experimental
2.1. Sample Preparation. Zinc substituted magnesium ferrite
Mg1−𝑥 Zn𝑥 Fe2 O4 (𝑥 = 0, 0.1, 0.3, 0.5, 0.7) powders were
prepared by a sol-gel autocombustion method. The analytical
grades Mg(NO3 )2 ⋅6H2 O, Zn(NO3 )2 ⋅6H2 O, Fe(NO3 )3 ⋅9H2 O,
citric acid (C6 H8 O7 ⋅H2 O), and ammonia (NH3 ⋅H2 O) were
used as raw materials. The molar ratio of metal nitrates to
citric acid was taken as 1 : 1. The metal nitrates and citric
acid were, respectively, dissolved into deionized water to
form solution. The solution of metal nitrates was added to
ammonia to change the pH value from 7 to 9. The mixed
solution was poured into a thermostat water bath and heated
at 80∘ C under constant stirring to transform into a dried gel.
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Table 1: Lattice parameters, average crystallite size, and X-ray
densities date of Mg1−𝑥 Zn𝑥 Fe2 O4 annealed at 800∘ C.
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Figure 1: Room temperature X-ray diffraction patterns of
Mg1−𝑥 Zn𝑥 Fe2 O4 annealed at 800∘ C.

Citric acid was dropped continually in the process of heating.
The gel was dried at 120∘ C in a dry oven for 2 h and, being
ignited in air at room temperature, the dried gel burnt in a
self-propagating combustion way to form loose powder. The
powder was ground and annealed at temperature of 800∘ C for
3 h.
2.2. Characterization. The crystalline structure was investigated by X-ray diffraction (D/max-2500V/PC, Rigaku) with
Cu K𝛼 radiation (𝜆 = 0.15405 nm). The micrographs were
obtained by scanning electron microscopy (NoVa Nano SEM
430). The Mössbauer spectrum was performed at room
temperature (25∘ C), using a conventional Mössbauer spectrometer (Fast Com Tec PC-moss II), in constant acceleration
mode. The 𝛾-rays were provided by a 57 Co source in a
rhodium matrix. Magnetization measurements were carried
out with super conducting quantum interference device
(MPMS-XL-7, Quantum Design) at room temperature.

3. Results and Discussion
3.1. XRD Patterns Analysis. Figure 1 shows the XRD patterns
of Mg1−𝑥 Zn𝑥 Fe2 O4 (𝑥 = 0, 0.1, 0.3) ferrites calcined at 800∘ C
for 3 h. The impurity peak of Fe2 O3 is detected in the samples
with 𝑥 = 0, 0.1 and 0.3, and increasing the content of Zn
is favorable for the synthesis of pure Mg-Zn ferrites. Similar
results also were reported in the other literature [6].
Table 1 indicates that the lattice constant increases with
the increasing substitution of Zn2+ ions. The increase in
lattice parameter is probably due to replacement of smaller
Mg2+ ions (0.72 Å) by larger Zn2+ ions (0.74 Å) [8, 9].
The X-ray density was calculated using the relation [4, 10,
11]:
𝜌𝑥 =

8𝑀
,
𝑁𝑎3

(1)

where 𝑀 is relative molecular mass, 𝑁 is Avogadro’s number,
and “𝑎” is the lattice parameter. Table 1 shows the X-ray

Lattice
parameter (Å)

Average
crystallite size (Å)

Density
(g⋅cm−3 )

8.39786
8.39491
8.40864
8.43133
8.43576

411
356
322
377
385

4.4859
4.5829
4.7440
4.8879
5.0620

density increase with Zn2+ concentration for all samples. The
atomic weight of Zn is greater than that of Mg, so the relative
molecular mass increases with Zn concentration increasing.
The increase in X-ray density is attributed to the fact that
relative molecular mass increases more than the negligible
rise of the lattice parameter.
The average crystallite size of the investigated samples
estimated by Scherrer’s formula [10–12] is found to be around
32∼41 nm. The slight decrease in the crystallite size by the
addition of Zn indicates that the presence of zinc obstructs
the crystal growth [13, 14].
3.2. Structures and Grain Sizes. The SEM micrographs of
MgFe2 O4 annealed 800∘ C for 3 h are shown in Figure 2.
The distribution of grains with almost uniform size can
be observed. Figure 3 shows the histogram of grain size
distribution of MgFe2 O4 ferrites. The average grain size of
MgFe2 O4 is approximately 96.26 nm by using a statistical
method. The average grain size is slightly larger than the
average crystallite size determined by XRD.
The SEM micrographs of Mg0.5 Zn0.5 Fe2 O4 annealed
800∘ C for 3 h are shown in Figure 4. The distribution of
grains with almost uniform size can be observed, well
crystallized for Mg1−𝑥 Zn𝑥 Fe2 O4 (𝑥 = 0.5). Some particles are
agglomerated due to the presence of magnetic interactions
among particles [14].
Figure 5 shows the histogram of grain size distribution of Mg0.5 Zn0.5 Fe2 O4 ferrites. The average grain size of
Mg0.5 Zn0.5 Fe2 O4 (𝑥 = 0.5) is approximately 90.74 nm by
using a statistical method. It shows that the ferrite powers are
nanoparticles, and the average grain size decreases with Zn
content increasing. This shows that every particle is formed
by a number of crystallites [15, 16].
3.3. Mössbauer Spectroscopy. The Mössbauer spectra
recorded at room temperature are shown in Figure 6 for
Mg1−𝑥 Zn𝑥 Fe2 O4 . All samples have been analyzed using
Mösswinn 3.0 program. For the Mg1−𝑥 Zn𝑥 Fe2 O4 with
𝑥 = 0, 0.1, the spectra exhibit two normal Zeeman-split
sextets due to Fe3+ at tetrahedral and octahedral sites,
indicating the ferromagnetic behavior of the samples.
The sextet with the larger isomer shift is assigned to the
Fe3+ ions at the B site and the one with the smaller isomer
shift is assumed to arise from the Fe3+ ions occupying the A
site. May be it is due to difference in Fe3+ –O2− internuclear
separation. Compared with A site ions, the bond separation
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Figure 2: SEM micrographs depict MgFe2 O4 ferrites with diameters of 100 𝜇m (a), 50 𝜇m (b), 20 𝜇m (c), 10 𝜇m (d), 5 𝜇m (e), and 3 𝜇m (f).

is larger for B site Fe3+ ions. In addition, overlap-ping of orbit
is smaller for Fe3+ and O2+ ions at B site, which results in
smaller covalency and larger isomer shift for Fe3+ ions at B
site [17, 18]. It is reported that the values of IS for Fe2+ ions lie
in the range 0.6∼1.7 mm/s, while for Fe3+ they lie in the range
0.1∼0.5 mm/s [19]. From Table 2, values for IS in our study
indicate that iron is in Fe3+ state.

Table 2 shows the values of magnetic hyperfine field
at A and B sites decrease by increasing nonmagnetic zinc
substitution. The value of quadrupole shift of the A and B
magnetic sextets is very small in the samples indicating that
the local symmetry of the ferrites obtained is close to cubic
[20]. The A Mössbauer absorption area decreases and the
B Mössbauer absorption area increases with increasing zinc
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Figure 3: Histogram of grain size distribution of MgFe2 O4 (𝑥 = 0) annealed at 800∘ C.

Table 2: Mössbauer parameters of isomer shift (IS), quadrupole splitting (QS), magnetic hyperfine field (𝐻), line width (Γ), and absorption
area (𝐴 0 ) for Mg1−𝑥 Zn𝑥 Fe2 O4 annealed at 800∘ C.
Sample (𝑥)
0
0.1
0.3
0.5
0.7

Component
Sextet (A)
Sextet (B)
Sextet (A)
Sextet (B)
Sextet (B)
Sextet (B)
Double

IS (mm/s)
0.163
0.332
0.224
0.294
0.291
0.318
0.336

QS (mm/s)
0.011
0.032
0.077
−0.028
−0.009
0.005
0.472

concentration, since Zn2+ substitutes Mg ferrite and occupies
the A site, leading to transfer of Fe3+ from A site to B site.
When 𝑥 = 0.3, 0.5, the spectra of Mg1−𝑥 Zn𝑥 Fe2 O4 are
only the B magnetic sextet, and the magnetic sextet of A
site vanishes which indicates the presence of Fe3+ ions only
in the octahedral B site [21]. The spectrum obtained for the
composition with 𝑥 = 0.5 shows features of relaxation effects
and was analyzed to a single sextet. Mössbauer spectra for the
samples with 𝑥 = 0.7 consist only of a central doublet, and
it exhibits superparamagnetic character. The central doublet
can be attributed to the magnetically isolated Fe3+ ions which
do not participate in the long-range magnetic ordering due to
a large number of nonmagnetic nearest neighbors [20, 21].
3.4. Magnetic Property of Particles. Figure 7 shows hysteresis
loops of Mg1−𝑥 Zn𝑥 Fe2 O4 at room temperature. The magnetization of all samples nearly reaches saturation at the
external field of 5000 Oe. It is observed from Table 3 that
saturation magnetization increases as Zn content 𝑥 increases.

𝐻 (T)
45.871
43.306
45.059
41.322
34.072
24.234
—

Γ (mm/s)
0.503
0.325
0.473
0.313
0.363
0.268
0.357

𝐴 0 (mm/s)
17
83
15
85
100
100
100

The saturation magnetization could be expressed by means of
the following relation [22, 23]:

𝜎𝑠 =

5585 × 𝑛B
,
𝑀

(2)

where 𝑛B is magnetic moment with Bohr magneton as the
unit and 𝑀 is relative molecular mass. The relative molecular
mass of Mg1−𝑥 Zn𝑥 Fe2 O4 decreases as Zn content 𝑥 increases.
The change of magnetic moment 𝑛B can be explained
with Néel’s theory. The magnetic moment for Zn2+ , Mg2+ ,
and Fe3+ ions is 0𝜇B , 0𝜇B , and 5𝜇B , respectively [3, 4].
According to Néel’s two sublattice model of ferrimagnetism, using the cation distribution of (Zn𝑥 Mg𝑦 Fe1−𝑥−𝑦 )
[Mg1−𝑥−𝑦 Fe1+𝑥+𝑦 ]O4 , since Zn2+ ions have a stronger preference for the tetrahedral sites [11, 12], and Mg2+ ions exist
in both sites but have a preference for the octahedral
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Figure 4: SEM micrographs depict Mg0.5 Zn0.5 Fe2 O4 ferrites with diameters of 100 𝜇m (a), 50 𝜇m (b), 20 𝜇m (c), 10 𝜇m (d), 5 𝜇m (e), and
3 𝜇m (f).

site [3, 4, 10–12]. The magnetic moment 𝑛B is expressed as
[4, 5, 11].
𝑛B = 𝑀B − 𝑀A = 5 (1 + 𝑥 + 𝑦) − 5 (1 − 𝑥 − 𝑦)
= 10𝑥 + 10𝑦,

(3)

where 𝑀B and 𝑀A are the B and A sublattice magnetic
moments. According to the literature [3], we assumed that

the value of 𝑦 is equal to 0.1. Figure 8 shows the change
in experimental and theoretical magnetic moments with Zn
content 𝑥.
From Figure 8, the experimental and theoretical magnetic
moments increase as Zn content 𝑥 increases. Furthermore,
according to (3), the theoretical saturation magnetization
increases with Zn content 𝑥 increasing. The result of
the experimental is in a good agreement with theoretical
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Figure 6: Room temperature Mössbauer spectra of Mg1−𝑥 Zn𝑥 Fe2 O4
annealed at 800∘ C.

saturation magnetization for all samples. However, the saturation magnetization of Mg1−𝑥 Zn𝑥 Fe2 O4 with 𝑥 = 0.1 and 0.5
has no significant changes, maybe because the average grain
size decreases with increasing Zn content from the SEM. It
is known that porosity is inversely proportional, while the
particle size is directly proportional to the magnetization for
nanoferrites [24, 25].
It is observed from Table 3 that the coercivity of
Mg1−𝑥 Zn𝑥 Fe2 O4 is less than 100 Oe, which indicating the
all sample is soft magnetic materials. And the coercivity
tends to decrease with Zn content 𝑥 increasing. The magnetic coercivity of the particles depends significantly on

x=0

Mg1−x Znx Fe2 O4
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0.96

−10 −8

40

Mg1−x Znx Fe2 O4

1.00
0.98 X = 0
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0.98 X = 0.1

Ms (emu/g)

Relative transmission (%)

Figure 5: Histogram of grain size distribution of Mg0.5 Zn0.5 Fe2 O4 (𝑥 = 0.5) annealed at 800∘ C.
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Figure 7: Room temperature hysteresis loops of Mg1−𝑥 Zn𝑥 Fe2 O4
annealed at 800∘ C.

their magnetocrystalline anisotropy, microstrain, interparticle interaction, temperature, size, and shape [9, 26, 27].
However the Zn2+ and Mg2+ ions have no unpaired electrons
and lead to zero total electron spin. So replacing Mg2+ ions
with the Zn2+ ions will not have much effect on the magnetic
anisotropy constant. The reduction in magnetic coercivity is
related to the grain size [28–30].

4. Conclusion
The analysis of XRD patterns for Mg1−𝑥 Zn𝑥 Fe2 O4 (𝑥 = 0,
0.1, 0.3, 0.5, 0.7) annealed at 800∘ C show that the increase in
lattice constant is due to replacement of smaller Mg2+ ions
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Figure 8: Variation in experimental and theoretical magnetic
moment with zinc content 𝑥.
Table 3: Magnetic data for Mg1−𝑥 Zn𝑥 Fe2 O4 annealed at 800∘ C.
Sample (𝑥)
0
0.1
0.5

𝑀𝑆 (emu/g)
23.36
34.83
34.98

𝐻𝐶 (Oe)
50.13
50.13
0.18

𝑀𝑟 (emu/g)
6.36
7.65
1.10

𝑛𝐵
0.84
1.27
1.38

by larger Zn2+ ions. SEM results indicate the distribution of
grains and morphology of the samples. Some particles are
agglomerated due to the presence of magnetic interactions
among particles. And the ferrite powers are nanoparticles.
Room temperature Mössbauer spectra of Mg1−𝑥 Zn𝑥 Fe2 O4
display that the A Mössbauer absorption area decreases and
the B Mössbauer absorption area increases with increasing
zinc concentration. The change of the saturation magnetization can be explained with Néel’s theory. The coercivity
decreases with increasing Zn content is attributed to the grain
size.
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Mg1−𝑥 Zn𝑥 Fe2 O4 (𝑥 = 0.57, 0.7) nanoparticles,” Journal of
Spectroscopy, vol. 2014, Article ID 540319, 5 pages, 2014.
[29] M. J. Iqbal, Z. Ahmad, Y. Melikhov, and I. C. Nlebedim,
“Effect of CuCr co-substitution on magnetic properties of
nanocrystalline magnesium ferrite,” Journal of Magnetism and
Magnetic Materials, vol. 324, no. 6, pp. 1088–1094, 2012.
[30] T. Jiao, Q. Huang, Q. Zhang, D. Xiao, J. Zhou, and F. Gao,
“Self-assembly of organogels via new luminol imide derivatives:
diverse nanostructures and substituent chain effect,” Nanoscale
Research Letters, vol. 8, article 278, 2013.

Journal of Nanomaterials

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2014, Article ID 503696, 7 pages
http://dx.doi.org/10.1155/2014/503696

Research Article
Morphological Investigation of Calcium Carbonate
during Ammonification-Carbonization Process of Low
Concentration Calcium Solution
Huaigang Cheng, Xiaoxi Zhang, and Huiping Song
Institute of Resources and Environment Engineering, State Environment Protection Key Laboratory of Efficient Utilization of
Coal Waste Resources, Shanxi University, Taiyuan 030006, China
Correspondence should be addressed to Huiping Song; songhp@sxu.edu.cn
Received 15 July 2014; Accepted 5 August 2014; Published 2 September 2014
Academic Editor: Xinqing Chen
Copyright © 2014 Huaigang Cheng et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.
Ultrafine calcium carbonate is a widely used cheap additive. The research is conducted in low degree supersaturation solution
in order to study the polymorphic phases’ change and its factors of the calcium carbonate precipitate in the ammonificationcarbonization process of the solution with calcium. Fine particles of calcium carbonate are made in the solution containing
0.015 mol/L of Ca2+ . Over 98% of the calcium carbonate precipitate without ammonification resembles the morphology of calcite,
while the introduction of ammonia can benefit the formation of vaterite. It was inferred that the main cause should be serious partial
oversaturation or steric effects. Ammonia also helps to form the twin spherical calcium carbonate. However, particles formed in
the process of ammonification-carbonization in solution with low concentration degree of calcium are not even with a scale of the
particle diameter from 5 to 12 𝜇m. Inorganic salts, alcohol, or organic acid salts have significant controlling effect on the particle
diameter of calcium carbonate and can help to decrease the particle diameter to about 3 𝜇m. Anionic surfactants can prevent the
conglobation of calcium carbonate particles and shrink its diameter to 500 nm–1 𝜇m.

1. Introduction
Ultrafine calcium carbonate of nano- and submicron size
is widely used as cheap additive in manufacturing plastic,
rubber, varnish, ink, paper, paint, medicine, and other fields
[1, 2]. Calcium carbonate and inorganic oxide have good
affinity; therefore, it can be used as the model material [3, 4] to
make inorganic hollow microsphere such as SiO2 and TiO2 .
The reason why calcium carbonate can be so widely used is
that it has a unique crystal structure and particle size.
Calcium carbonate has three kinds of crystal polymorphs
[5], namely, spherical vaterite, aragonite in the shape of a
needle, and rhomboidal calcite. The energy level decreases
according to this order, while the stability increases. Calcium
carbonate of calcite type can stay stable at room temperature,
while those of vaterite and aragonite type with metastability
are easier to be transformed into the calcite type. Spherical
calcium carbonate is commonly used for its smoothness
and fluidity. Usually, it is a porous structure and resembles

the clustering with microcrystal of nanosize (25–35 nm).
Large amounts of expensive biological macromolecules, dendronized polymers, or compound additives as crystalline
controller are used to form spherical calcium carbonate, and
less cheap acid, alkali, and salt are used to control the crystal
shape.
There are many ways to compose calcium carbonate
including carbonization, precipitate method, and high gravity
method. Carbonization refers to the method of adding CO2
gas to suspension with Ca2+ and adding morph regulator
to control the growing rate of each face of the crystal to
achieve morphology control. Precipitate method is to mix
the solution of Ca2+ and CO3 2− to make calcium carbonate
particles. High gravity method is to create the condition
for the intensive mixing of liquid and raise the reaction
rate of calcium carbonate with centrifugal force. Ultrafine
calcium carbonate is mainly synthesized in liquid. Controlling the operation conditions, like temperature, pH, and

2
supersaturation, or adding crystalline regulator, it can influence nucleation, formation, and the final polymorph of
calcium carbonate [6]. Commonly used crystalline regulators
include chelating agent [7], organic compound [8, 9], inorganic salt, minerals, organic acid [10], alcohol, amino acid
[11], and chitosan. The morphology of calcium carbonate can
also be induced by biological factors [12]. From the dynamics
perspective, mixed solution can help to form the crystal of
metastability, for example, the mixture of alcohol and water.
With ammonia, hexagonal calcium carbonate crystal can be
formed by the self-assembly of vaterite nanoparticles. While
in the reaction of CO2 gas and CaCl2 solution, ammonia
can function to shape the CaCO3 into spherical vaterite of
metastability [13]. In addition, the spherical CaCO3 after
thermal decomposition becomes spherical CaO which can be
used as catalyst in biodiesel or to manufacture the organic
light-emitting diode. Magnesium also plays an important role
in the precipitation of calcium carbonate. When the Mg2+
concentration degree is low, calcite is formed; when it is high,
aragonite is formed.
Making ultrafine calcium carbonate, mix solution with
Ca2+ and solution with CO3 2− or add organic substance to
regulate the mass transfer of Ca2+ and CO3 2− to control
nucleation and formation of crystal. What is more, CO2
gas can be added to Ca(OH)2 solution [14]. The method of
the reaction of Ca(OH)2 solution and CO2 gas [15] is the
major way for industrial ultrafine calcium carbonate making
considering the production cost. However, in this method,
Ca(OH)2 solution can also be replaced by other solutions
with Ca2+ , such as CaCl2 solution. The solution should be
changed to alkaline in order to make the reaction with CO2
happen faster, and the process of alkalinization is usually
achieved by using ammonia solution. Also, the method of
adding ammonia and CO2 gas to gypsum serum to make
ammonia sulfate is to recycle the gypsum to solid wastes
and has produced calcium carbonate as well. The common
method of making calcium carbonate in existing findings is
basically using solution with high concentration of Ca2+ as
source of calcium, through which enough calcium carbonate
can be obtained. However, solution with low concentration of
Ca2+ is also worth being studied [16, 17]. The supersaturation
degree will remain at a low level. Theoretically, in the system
with low degree of supersaturation, the control of the morphology of calcium carbonate particles will be easier. In the
process of formation and precipitation of crystal, the solution
becomes supersaturated and the crystal nucleus is formed
with the clashes of ions. Then the ions that constructed the
crystal in the solution diffuse and precipitate on the surface
of crystal nucleus, which is called the crystal nucleus growth.
Crystal nuclei form crystal particles gradually, and particles
concentrate and form crystal with orientation arrangement.
If the supersaturation degree is too high, it is easy to form
amorphous precipitate. With a low supersaturation degree,
the growth velocity of crystal is slow, and the surface of
crystal is well formed. When the supersaturation degree is
too high, the reaction of Ca2+ and CO3 2− will be too quick to
control the crystal morphology. Thus, the control of reaction
speed is usually achieved by controlling the concentration
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of participating substances [18, 19]; for example, in the
formation process of biological mineralization (such as the
formation of shell), semipermeable membrane is used to
control the release of Ca2+ or CO3 2− . It will function to
control the crystal morphology of calcium carbonate.
The focus of this paper is to analyze the morphology
of the calcium carbonate precipitate of low concentration
degree and the way to control its morphology to infer the
formation mechanism of calcium carbonate materials. It
is of great importance to research on making nano- and
submicron calcium carbonate materials in solutions with
Ca2+ , such as CaCl2 . It can also explain how solutions with
low concentration of Ca2+ , such as calcium sulfate, can form
the calcium carbonate materials with unique morphology.

2. Experimental Details
Calcium carbonate precipitate is made by adding CO2 gas to
solution with Ca2+ . Calcium sulfate saturated solution with
about 0.015 mol/L of Ca2+ is used since it will be a proper
concentration for the calcium carbonate precipitating. If we
need a higher concentration of Ca2+ , CaCl2 solution is used.
Since calcium sulfate or CaCl2 solution is neutral, Ca2+ and
CO2 will not react. Thus, ammonia liquid is added to the
solution as follows:
Ca2+ + 2NH3 + CO2 + H2 O = 2NH4 + + CaCO3

(1)

The reagents and additives used in this experiment
include calcium sulfate, calcium chloride, sodium carbonate,
sodium chloride, ammonia, alcohol, and sodium acetate,
which are all analytical reagents (BOLT Tianjin Chemical Co., Ltd., China). A CO2 cylinder (99.5% in purity)
is used to provide carbon source. The anionic surfactant
(Nafine Chemical Industry Group Co., Ltd., China) including sodium alkane sulfonate and poly(oxy-1,2-ethanediyl),asulfo-w-(dodecyloxy)-, sodium salt (1 : 1) which is usually
used as a detergent is used to control the crystal morphology.
Scanning electron microscope (SEM, JEOL JSM-6701F,
Japan) is applied to inspect the morphology of the formed calcium carbonate and X-ray powder diffraction (XRD, Bruker
D2 Advance Phaser, Germany) to analyze its crystalline
phase. When XRD is used to analyze the crystal morphology,
lattice planes 104, 113, 202, 024, 116, 221, and 122 correspond
to the diffraction peaks of crystal planes of the calcite, while
110, 112, 114, and 300 correspond to the diffraction peaks of
crystal plane of vaterite. According to the literature [20], the
proportion of vaterite (𝑓V ) can be calculated as follows:
𝑓V =

(𝐼110V + 𝐼112V + 𝐼114V )
,
(𝐼110V + 𝐼112V + 𝐼114V + 𝐼104𝑐 )

(2)

where 𝐼 is the intensity of diffraction peak, the subscript V
represents the vaterite, and 𝑐 represents calcite.

3. Results and Discussion
3.1. Influence of Ammonia on the Crystal Phase of Calcium
Carbonate. To investigate the influence of ammonia on
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CO2 bubbles. The dense nucleation of vaterite prevents it
from dissolving and renucleation and prevents the growth
of more stable calcite crystal. High degree of supersaturation
can benefit to form the metastable vaterite in the dynamics
perspective and stop it from transforming into calcite. The
supersaturation degree can be achieved with high pH since
when pH is high, the speed of dissolving CO2 and forming
CO3 2− is fast, which can be achieved by adding ammonia.
Thus, when ammonia exists in solution, it is easy to form
calcium carbonate precipitate with crystal morphology of
vaterite.

Intensity
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Figure 1: Crystal phase of calcium carbonate precipitate. (a) Solutions: CaCl2 , 0.18 mol/L; Na2 CO3 , 0.18 mol/L. (b) Solutions: CaCl2 ,
0.13 mol/L; NH3 , 0.74 mol/L. CO2 gas: 60 ml/min × 20 min.

crystal polymorphs of calcium carbonate precipitate, the
XRD spectra of calcium carbonate obtained in two reaction
systems, one with ammonia and the other without, were
compared, as shown in Figure 1. The calcium carbonate
obtained by mixing calcium chloride and sodium carbonate
solutions is shown in Figure 1(a). Figure 1(b) is the calcium
carbonate obtained by mixing calcium sulfate solution with
ammonia liquid and CO2 gas. The concentration degrees of
Ca2+ of two experiments are similar.
Figure 1(a) shows that when ammonia is not added,
calcite is the major crystal morphology of calcium carbonate
precipitate, containing a little crystal morphology of vaterite.
According to (2), the proportion of calcite is 98.52%, while the
remaining 1.48% is the vaterite, in terms of their total amount.
When ammonia is added to the solution, the characteristic
peak of vaterite is intensified, as shown in Figure 1(b). The
precipitate at this time contains crystal morphology of both
calcite and vaterite and a little aragonite. The calculation in
(2) shows that the proportion of calcite reaches 87.83% of
the total amount of calcite and vaterite, while the rest 12.17%
is vaterite. It shows that adding ammonia functions to form
vaterite.
When ammonia is used to form calcium carbonate
precipitate, the pH is controlled between 8 and 11 [13], which
is the interval to form spherical vaterite steadily. The reaction
process includes CO2 dissolving in water, ammonia and water
forming NH4 + , and OH− , CO2 , and OH− forming HCO3 − .
Finally, CO3 2− is formed, and calcium carbonate is formed
with Ca2+ and CO3 2− . In this process, the speed controlling
step is the formation of HCO3 − . Supersaturation degree of
calcium carbonate around the CO2 gas bubbles is very high,
which provides condition to create the new solid particles.
When degree of supersaturation is maintained at a relatively
high value, new vaterite will form its nucleus around the

3.2. Influence of Ammonia on the Morphology of Calcium Carbonate Precipitate. Figure 2 shows, under different operation,
ammonia has impact on the morphology of calcium carbonate precipitate. Figure 2(a) indicates that when solutions with
Ca2+ and CO3 2− are mixed, the calcium carbonate precipitate
is cubic, which is the morphology of calcite. After ammonia is
added, as shown in Figure 2(b), the precipitate embodies the
rough spherical shape, ellipsoidal shape, and twin spherical
shape. On the one hand, the reason can be that ammonia
raised the supersaturation degree of calcium carbonate to
form spherical calcium carbonate. On the other hand, the
amount of Ca2+ and CO3 2− decreased as the reaction went
on, and degree of supersaturation decreases, which makes
spherical calcium carbonate tends to form more stable cube.
Thus, the crystal manifests the topograph of calcite, and edges
and corners become sharper. These two conditions affect each
other. As a result, the calcium carbonate precipitate shows
the rough spherical morphology. Meanwhile, it is assumed
that calcium carbonate particles in the solution form cubic
or spindle-shaped crystal nucleus. The crystal nuclei have
high surface energy in the direction of edge and corner.
With the steric effect of ammonia, partial Ca2+ and CO3 2− at
the edge and corner direction concentrate and grow quickly,
and partial degree of supersaturation is very high. Many
small crystal particles formed in the process of nucleation.
Particles formed twin spherical calcium carbonate by combining themselves to achieve the minimization of surface
area.
Figures 2(c) and 2(d) show another growth type of
crystal. It is in the system of Ca2+ solution and CO2 gas
bubbles. Since CO2 gas is continuously added to the solution,
the degree of supersaturation in the reaction will not be
decreased and can be maintained at a certain level. When the
amount of ammonia is small and cannot maintain the degree
of supersaturation at the level of producing vaterite, the
calcium carbonate includes cube and needle-cluster shape.
When the amount of ammonia is big, most of the calcium
carbonate precipitate is spherical, which shows that ammonia
has influence on the topograph of calcium carbonate. It
means that ammonia can help the calcium carbonate to
precipitate in the morphology of vaterite. In most cases, it
is well known that the calcium carbonate tends to form
the stable cube shape. Therefore, the needle-cluster calcium
carbonate may be assumed to be the transition morphology
between the cubic and spherical shape under the effect of
ammonia.

4
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(a) Solutions: CaCl2 , 0.18 mol/L; Na2 CO3 , 0.18 mol/L

(b) Solutions: CaCl2 , 0.18 mol/L; Na2 CO3 , 0.18 mol/L;
NH3 , 3.39 mol/L

(c) Solutions: NH3 , 0.36 mol/L; CaSO4 , 0.15 mol/L.
CO2 gas: 60 mL/min × 20 min

(d) Solutions: NH3 , 1.47 mol/L; CaSO4 , 0.15 mol/L.
CO2 gas: 60 mL/min × 20 min

Figure 2: Morphology of calcium carbonate precipitate with and without ammonification.

Figure 3: Morphology of calcium carbonate precipitate. Solutions:
CaSO4 , 0.15 mol/L. CO2 gas: 55 mL/min × 20 min. Final pH = 10.

Figure 3 shows the precipitate of calcium carbonate in
another reaction system. Constantly adding CO2 in the
saturated solution of calcium sulfate until pH decreases from
7 to 4.6 and adding ammonia liquid and controlling the
pH of the solution at 10, the precipitate of the calcium
carbonate is shown in Figure 3. Before adding ammonia
liquid, the Ca2+ , SO4 2− , and H2 CO3 will not react. After
adding ammonia, calcium carbonate precipitate and ammonia sulfate are formed instantly. The reason inferred is

that the degree of supersaturation became high suddenly.
Therefore, the crystal morphology is the spherical vaterite.
However, without new supplementing CO2 , the amount of
Ca2+ and H2 CO3 decreased as the reaction went on, and
the degree of supersaturation is decreased as well. The shape
of vaterite gradually transforms into calcite. Figure 3 shows
the intermediate state of spherical crystal morphology transforming into cubic crystal morphology, and the comparison
with Figure 2(a) explains that the effect of ammonia in the
calcium carbonate crystal growing process is to accelerate the
precipitate into spherical morphology.
The ultrasound usually has an influence on the precipitation of calcium carbonate [21]. Ultrasound can make the
suspended particles dispersed and has a role in preventing
the formation of large particles precipitated. Therefore, under
the effect of ultrasound, the precipitate formed will be
relatively small. With the interference of ultrasound, we
can see clearer the effect of ammonia on shaping particle morphology of precipitate. Without ammonia, calcium
carbonate precipitate with ultrasound shows the cubic and
spindle-shaped morphology, like in Figure 4(a). Figure 4(b)
indicates that when increasing the amount of ammonia,
ammonia accelerates the transformation of cubic calcium
carbonate particles into rough spherical morph and eggshaped morphology, as shown in Figure 4(a). Apparently,
the surface is a bit sharp, which means the formation still

Journal of Nanomaterials

5

(a) Solutions: NH3 , 1.47 mol/L; CaSO4 , 0.15 mol/L.
CO2 gas: 1560 mL/min × 20 min. CO2 (v%) = 3.88%

(b) Solutions: NH3 , 3.39 mol/L; CaSO4 , 0.15 mol/L.
CO2 gas: 1560 mL/min × 20 min. CO2 (v%) = 3.88%

Figure 4: Morphology of calcium carbonate precipitate under ultrasound.

obeys the rule of forming calcite, while the look is more
like a sphere. Ammonia can influence the morphology of
calcium carbonate precipitate developing into sphere. Apart
from increasing the degree of supersaturation, steric effect
may be used to accelerate the spherical formation of calcium
carbonate.
3.3. Controlling the Morphology of Calcium Carbonate by
Electrolyte and Surfactant. With different types of electrolyte,
ammonia can have different effects on calcium carbonate
particles, as shown in Figures 5(a) and 5(b). When adding
inorganic salt to increase the ion strength, morphology of
calcium carbonate particles has two conspicuous changes.
First, the diameter decreases from 5∼12 𝜇m to 5 𝜇m. Second,
clustering of particles and twin spherical polymorph appear.
Figures 5(c) and 5(d) show that, by adding alcohol and
organic acid and salt, the diameter of calcium carbonate particles decreases to about 3 𝜇m and the clustering effect becomes
more conspicuous. In Figure 5(e), the anionic surfactant
can decrease the diameter of calcium carbonate particles to
500 nm–1 𝜇m.
In most of the conditions, calcium carbonate in calcite
crystal type shows the spindle-shaped and cubic polymorph,
while the vaterite type resembles the spherical shape. In
the formation process of calcium carbonate, calcite is the
stable crystal polymorph. Thus, the crystal grows into the
prism shaped calcite without additives. Sphere is shaped
since the ions have different effects in the electrolyte or the
additives have large steric effect to deter the growth of calcium
carbonate crystal. According to the dynamics of crystal
growing, the nucleation rate of calcium carbonate is positive
to the degree of supersaturation. Adding dissolvable salt can
cause the salt effect to increase supersaturation degree of
calcium carbonate. The critical dimension of particle nucleus
and energy required in the nucleation process are decreased,
while the nucleation rate increases. The rates of nucleation
and growth are of competing relation, which means when
the nucleation rate is high, the growth rate is low. On a
macrolevel, the particle diameter decreases and, meanwhile,
the gradient of concentration increases when the degree of
supersaturation is high. Clustering or other polymorphs will

be shaped since corners and edges of the crystal have larger
areas than the center of the surface to take the accumulation
of mass points. That is why in Figure 5 adding inorganic
salt, alcohol, and organic acid salt, the particle diameter and
polymorph of calcium carbonate will change significantly. In
addition, the surfactant can change the surface state of the
solution system and make the indissoluble particles disperse.
In terms of Figure 5(e), the interaction of surfactant and Ca2+
helps the nucleation of vaterite in supersaturation solution
and stops the growth and clustering of calcium carbonate
particles. Thus, the diameter is shrunk.

4. Conclusion
In the solution of low degree of concentration with about
0.015 mol/L Ca2+ and under the condition of low degree of
supersaturation, ammonification and carbonization methods
are applied to make ultrafine particles of calcium carbonate.
With low degree of supersaturation, the reaction rates of Ca2+
and CO3 2− are not that quick, so that it is expected to be
easy to control the crystal polymorph. When the reaction
system does not include ammonia, the precipitate of calcium
carbonate is mainly of the crystal morphology of calcite and a
little crystal morphology of vaterite. The proportion of calcite
will be over 98%. Adding ammonia to the solution helps to
form the vaterite, and the precipitate of calcium carbonate is
the mixture of calcite and vaterite. At the same time, a little
aragonite is also formed. The influence of ammonia on crystal
morphology of calcium carbonate precipitate is achieved by
creating great partial degree of supersaturation. Ultrasound
can also be applied to infer that ammonia can form calcium
carbonate into spherical shape with steric effect. In addition,
with forming the cubic or spindle-shaped crystal nucleus of
calcium carbonate in the solution, ammonia can also function
to concentrate partial Ca2+ and CO3 2− at the edge and corner
direction and form the twin spherical calcium carbonate.
Without other additives, the calcium carbonate formed is
with a diameter of about 5–12 𝜇m. Inorganic salt, alcohol, or
organic acid and salt can have significant effect on controlling
the particle diameter of calcium carbonate and will trigger
salt effect, which increases the degree of supersaturation of
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(a) Solutions: NH3 , 1.47 mol/L; CaSO4 , 0.15 mol/L.
CO2 gas: 55 mL/min × 20 min

(b) Solutions: NH3 , 1.47 mol/L; CaSO4 , 0.15 mol/L;
NaCl, 1.65 mol/L. CO2 gas: 55 mL/min × 20 min

(c) Solutions: NH3 , 0.29 mol/L; CaSO4 , 0.15 mol/L;
CH3 CH2 OH, 1.72 mol/L. CO2 gas: 40 mL/min ×
20 min

(d) Solutions: NH3 , 0.29 mol/L; CaSO4 , 0.15 mol/L;
CH3 COONa, 1.21 mol/L. CO2 gas: 40 mL/min ×
20 min

(e) Solutions: NH3 , 0.29 mol/L; CaSO4 , 0.15 mol/L;
anionic surfactant, 2 mL/L. CO2 gas: 40 mL/min ×
20 min

Figure 5: Morphology of calcium carbonate precipitate with different additives.

calcium carbonate and shrinks its size to about 3 𝜇m. What is
more, clustering occurs and the anionic surfactant can deter
the clustering of calcium carbonate particles and shrink its
size to 500 nm∼1 𝜇m.
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In today’s science, with the use of nanotechnology, nanomaterials, which behave very differently from the bulk solid, can be made.
One of the capable uses of nanomaterials is bioapplications which make good use of the specific properties of nanoparticles.
However, since the nanoparticles will be used both in vivo and in vitro, their stability is an important issue to the scientists, concern.
In this dissertation, we are going to test the stability of gold nanoparticles in a number of media including the biocompatible medium
and their behaviors will be illustrated in terms of optical properties change and aggregation degree. Herein, we report the synthesis
of gold nanoparticles of different shapes and applications for the rice growth with significant difference. The gold nanoparticles can
inhibit the elongation of rice root without inhibiting the germination of rice seeds.

1. Introduction
Gold nanoparticles (AuNPs) are also called colloidal gold
or gold colloids. Similar to semiconductors, when metals
decrease their size from bulk to the nanoscale, they also
experience quantum confinement effect [1]. The conduction band electrons of the metal nanoparticles will resonate with the electromagnetic field, that is, light, and
hence cause light absorption; this phenomenon is known
as surface plasmon resonance [2–5]. Surface plasmon resonance was explained by Mie in 1908 [6]. However, at
that time, Mie’s theory could only be applied on metal
nanoparticles which are much smaller than wavelength of
light (about 25 nm) due to the assumption of the theory.
The theory shows that plasmon absorption is size independent [7–9]. By the full expression of Mie’s theory, it
can be applied to large metal nanoparticles (>25 nm) and

can show size dependence of plasmon absorption [10–
13].
Since the plasmon absorption maximum of AuNPs is
size dependent [14–19], by tuning their size, their absorption
maximum and color can be tuned.
Although gold is one of the most stable elements in the
world, when AuNPs with diameter smaller than 5 nm are
deposited on select metal oxides, they exhibit extraordinary
selectivities and/or activities in some reactions such as combustion of carbon monoxide and saturated hydrocarbons [20]
which show catalytic property.
In the presence of light, the conduction band electrons
of AuNPs oscillate due to surface plasmon resonance. The
oscillating electrons interact with the crystal lattice of AuNPs
and transfer thermal energy to the lattice. Thus, AuNPs are
heated up and can further dissipate their thermal energy to
the surrounding medium to achieve the heating effect [21].
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(a)
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Figure 1: (a) TEM image of CTAB AuNPs. (b) TEM image of citrate AuNPs.

2. Experimental Parts

2.2. Synthesis of CTAB Gold Nanoparticles. First, 100 mL of
0.1 M CTAB, 10 mL of 0.01 M HAuCl4 , 5 mL of 0.1 M of
ascorbic acid, and 10 mL of 0.01 M of AgNO3 solution were
prepared. The CTAB solution was heated to 30∘ C in a water
bath. Then, 3 mL of 0.1 M CTAB was added into a test tube.
1.748 mL of Milli-Q water, 200 𝜇L HAuCl4 , and 32 𝜇L ascorbic
acid were added one by one. The solution was mixed gently
after each addition. Next, 20 𝜇L of 0.01 M silver nitrate was
added into the test tube and we waited for 4 seconds before
gently mixing it. After the solution was prepared, it was
placed inside a 30∘ C water bath and we waited for 3 hours
for complete reaction. Finally, the solution was washed twice
by centrifuging at 4500 rmp for 5 min each time and then it
was stored at room temperature.

3. Results and Discussion
From Figure 1(a), we can observe that the CTAB AuNPs are
star shaped with the longest dimension in between 80 and
90 nm. So it is expected that we can observe two peaks or one
peak and one shoulder from the absorption spectra.
Figure 1(b) shows that the citrate AuNPs are almost
spherical in shape with the diameter from about 30 to 50 nm.
The larger, brighter, and irregular shaped particles on the left
hand side should be the precipitated citrate.

0.4

Absorbance

2.1. Synthesis of Citrate Gold Nanoparticles. First, 25 mL of
water and a magnetic stir bar were added into a flask and
the flask was placed on stirrer and heated to 100∘ C. Second,
52.4 mg of HAuCl4 was weighed in a dry 100 mL flask and
was placed on a stirrer. Then, 75 mL of water was added and
the gold salt was dissolved under stirring. After all of the gold
salt was dissolved, 10 mL of the solution was poured into the
hot water flask. Next, citrate stock solution was prepared by
dissolving 506.3 mg Na3 C6 H5 O7 ⋅2H2 O in 75 mL of Milli-Q
water. After the gold solution was boiled, 4 mL of citrate stock
solution was added and the solution was boiled for 1.5 hours.
After 1.5 hours, the flask was put onto a table and we waited
till it cools down. Finally, the solution was stored in a 50 mL
test tube at room temperature without any special treatment.

0.2

0.0

300

600
Wavelength (nm)

900

Citrate AuNPs
CTAB AuNPs

Figure 2: Absorption spectra of citrate and CTAB AuNPs.

From Figure 2, we can observe that citrate AuNPs have a
peak and a shoulder while citrate AuNPs only have one peak.
3.1. Stability of CTAB AuNPs in Different Media. Table 1
showed the absorption peak position and intensity of CTAB
AuNPs.
3.1.1. CTAB AuNPs in Milli-Q Water and Biobuffer. The
absorption intensities of CTAB AuNPs in both Milli-Q water
and biobuffer are very stable within the time of inspection.
And their absorption peak positions were very stable too.
These mean that CTAB AuNPs were very stable in both MilliQ water and biobuffer.
3.1.2. CTAB AuNPs in pH 4, pH 7, pH 8, and pH 10 Buffers.
CTAB AuNPs behave similarly in pH 4, pH 7, pH 8, and pH 10
buffers. They showed a rapid drop in absorption intensities in
the first 15 minutes and decreased slowly afterwards. Meanwhile, their absorption peak positions also demonstrated a
blue shift in the first 15 minutes and remained unchanged up
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Table 1: Absorption peak position and intensity variation of CTAB AuNPs with time in different media.

Water

pH 4 buffer

pH 7 buffer

pH 8 buffer

pH 10 buffer

Biobuffer

∗∗

Hour
0
0.25
0.5
1
2
72
168
0
0.25
0.5
1
2
72
168
0
0.25
0.5
1
2
72
168
0
0.25
0.5
1
2
72
168
0
0.25
0.5
1
2
72
168
0
0.25
0.5
1
2
3
72
168

Position 1
639
639
639
639
639
639
639
640
617
617
617
617
640—
640—
623
620
620
620
620
623—
623—
629
607
607
607
607
629—
629—
631
611
611
611
611
631—
631—
560
560
560
560
560
560
560
560

Position 2
840—
840—
840—
840—
840—
840—
840—
852.2—
852.2—
852.2—
852.2—
852.2—
852.2—
852.2—
851
851—
851—
851—
851—
851—
851—
850
850—
850—
850—
850—
850—
850—
836
836—
836—
836—
836—
836—
836—
584
585
586
587
588
588
584—
584—

Intensity 1%
100
100
100
100
100
94
102
90
63
57
53
48
7
25
80
57
53
50
44
1
14
84
56
52
48
43
1
18
90
53
47
42
36
2
17
61
60
60
59
59
59
59
57

Intensity 2%
100
100
100
100
100
93
102
104
87
79
73
66
9
29
98
74
67
63
57
2
16
105
78
70
65
60
1
21
97
71
64
53
48
2
21
68
67
66
67
67
67
65
64

For the number with “—” behind means no clear peak can be observed and we measure the intensity at that wavelength.

to 2 hours. Subsequently, their absorption intensities dropped
to a few intensity percentages and no peaks can be observed at
the third day. However, their absorption intensities increased
again at the seventh day; this may be because the CTAB

AuNPs form larger aggregates than those at the third day;
therefore, scattering of the CTAB AuNPs increased. These
represented that CTAB AuNPs are not stable in pH 4, pH 7,
pH 8, and pH 10 buffers.
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Table 2: Zeta potential and size of citrate AuNPs in Milli-Q water.

Time (hour)
0
1
2
3
24
72
168

Zeta potential (mV)
−27.5
−16.1
−19.0
−17.1
−37.5
−33.4
−39.9

Zeta potential (mV) (second measure)
—
—
—
−32.2
—
—
—

Size 1 (nm)
5.6
5.6
5.6
5.6
5.6
5.6
5.6

Size 2 (nm)
50.8
50.8
50.8
50.8
50.8
50.8
50.8

“—” means no measurement has been done.

To sum up, CTAB AuNPs were very stable in Milli-Q
water and biobuffer; this indicated that they can be used for
bioapplications. But they were unstable in pH 4, pH 7, pH 8,
and pH 10 buffers.

3.2.1. Citrate AuNPs in Milli-Q Water and Biobuffer. We can
observe that the absorption peak intensities of citrate AuNPs
in Milli-Q water and biobuffer were very stable within the
period of inspection. And their absorption peak position
in Milli-Q water and biobuffer was always the same in the
experimental time. These represented that citrate AuNPs
were very stable in Milli-Q water and biobuffer.
3.2.2. Citrate AuNPs in pH 4, pH 7, and pH 10 Buffers. Citrate
AuNPs perform similarly in pH 4, pH 7, and pH 10 buffers.
All of them showed fast drop in absorption peak intensity
in the first 15 minutes and then dropped slowly thereafter.
At the fourth day, they only have about 5% absorption peak
intensity. Moreover, the absorption peak position of pH 4
buffer showed small red shift from 524 nm at 0 minutes to
533 nm at 2 hours which may be because of the increase in
aggregate size and showed a large blue shift to 507 nm at
the fourth day; this may be due to the degradation of citrate
AuNPs which have a smaller size than their size at 0 minutes.
But the absorption peak positions of citrate AuNPs in pH
7 and pH 10 buffers were almost the same within the first
2 hours and then no peaks can be found afterwards. These
phenomena mean that citrate AuNPs are unstable in pH 4,
pH 7, and pH 10 buffers.
3.2.3. Citrate AuNPs in pH 8 Buffer. The absorption peak
intensity of citrate AuNPs in pH 8 buffer decreases slowly
within the first 2 hours and then drops to about 40% intensity
thereafter. And their absorption peak position was almost the
same with the experimental time. Thus, they are unstable in
pH 8 buffer in terms of absorption peak intensity.
To sum up, citrate AuNPs were very stable in Milli-Q
water and biobuffer which made them able to be used for
bioapplications. But they were unstable in pH 4, pH 7, pH 8,

Absorbance

3.2. Stability of Citrate AuNPs in Different Media. Citrate
has a shorter carbon length than CTAB. As there is no big
difference in peak position, only the absorption peak intensity
variation was shown in Figure 3.

100

50

0

0

1
Water
pH4 buffer
pH7 buffer

2
Time (hour)

100

150

pH8 buffer
pH10 buffer
Biobuffer

Figure 3: Absorption peak intensity of citrate AuNPs in different
media varies with time.

and pH 10 buffers. Compared with the first absorption peak
of CTAB AuNPs, both of them showed similar behavior for
all buffers, that is, being unstable in pH 4, pH 7, pH 8, and
pH 10 buffers but very stable in Milli-Q water and biobuffer,
which allows them to be used for bioapplications.
3.3. Zeta Potential and Size of Citrate AuNPs. For the citrate
AuNPs in Milli-Q water, referring to Table 2, it is noted that
the zeta potential is very good at 0 hours but decreased with
time in the first 3 hours. At the same time, the color of the
citrate AuNPs in the zeta cell for zeta potential measurement
fades out after each measurement. This may be because in the
measurement of zeta potential the citrate AuNPs adhere to
the surface of the gold-plated electrodes.
But if the citrate AuNPs in the zeta cell were replaced by
the spare solution that has not been used for measurement
before, a good zeta potential can be observed again, that is,
zeta potential of second measurement of the 3 hours and
measurement after 3 hours.
And the size of the citrate AuNPs was the same for all time
ranges. These were in good agreement with the absorption
spectrum.
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Figure 4: Images of rice: no gold nanoparticles, 5 ∗ 10−6 M gold nanoparticles, and 5 ∗ 10−8 M gold nanoparticles.

Table 3: Zeta potential and size of citrate AuNPs in pH 4 buffer.
Time (hour)
0
1
2
3
24
72
168

Zeta potential (mV)
−46.1
−39.4
−38.8
−36.0
−33.0
−29.9
−13.9

Size (nm)
342.0
825.0
531.2
255.0
295.3
712.4
141.8

From Table 3, the zeta potential of the citrate AuNPs in
pH 4 buffer was evenly more negative than that in Milli-Q
water. But aggregation happened because some components
in the buffer adsorb on the surface of the citrate AuNPs and
crosslinks form in between AuNPs. These results agreed with
the absorption spectrum.
According to Table 4, the zeta potential of citrate AuNPs
in biobuffer was about 5 times lower than that in Milli-Q
water at 0 hours. And size 1 was due to the biobuffer and size 2
was the size of the citrate AuNPs which was almost the same
within the measurement period. As the zeta potential and size
were stable with time, so it was in a good agreement with the
absorption spectrum.
To sum up, the zeta potentials of citrate AuNPs in MilliQ water and biobuffer were very stable while those in pH
4 buffer were decreasing during the experiment. Moreover,
their size in Milli-Q water and biobuffer was also stable for

Table 4: Zeta potential and size of citrate AuNPs in biobuffer.
Time (hour)
0
1
2
3
24
72
168

Zeta potential (mV)
−9.54
−10.6
−10.2
−10.5
−11.4
−11
−10.6

Size 1 (nm)
10.1
5.6
10.1
10.1
13.5
11.7
10.1

Size 2 (nm)
78.8
122.4
91.3
78.8
78.8
78.8
78.8

all times within the experimental period while they showed
aggregation in pH 4 buffer.
3.4. Application for the Rice Growth. As citrate AuNPs were
rather stable in water and biobuffer, they were used in the
application for the rice growth.
From Figure 4 and Table 5 we can observe that with
the AuNPs in a rather low concentration the rice roots
stopped growing and the height of seedlings got influenced
too; however the presence of AuNPs did not inhibit the
germination of rice seed.

4. Conclusions
In Milli-Q water, both AuNPs are very stable. In pH 4,
pH 7, pH 8, and pH 10 buffers, both of them are unstable.
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Table 5: The height, number, and length for rice.

CK
T1
T2

The height of seedlings

The number of roots

The length of roots

The ratio of root length and
seedling height

17.78 ± 1.82 Aa
10.79 ± 3.03 Bb
11.60 ± 0.15 Bb

7.50 ± 1.80 Aa
6.90 ± 1.29 Aa
7.30 ± 1.42 Aa

3.39 ± 1.35 Aa
1.90 ± 0.74 Bb
1.67 ± 0.50 Bb

0.191 Aa
0.176 Bb
0.144 Bb

Aa Bb are Significant symbols which commonly used in the Data Analysis. Use the uppercase and lowercase letters (A a) due to the significant results.

In biobuffer, they were very stable which indicated that both
CTAB and citrate AuNPs can be used for bioapplications.
To conclude, we found important information for the
practical use of nanoparticles in bioapplications. Both CTAB
and citrate AuNPs are also very good for bioapplications. And
citrate AuNPs can inhibit the elongation of rice root to a large
degree without inhibiting the germination of rice seed.
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CuO-ZnO-Al2 O3 and graphene nanosheet (GNS) were synthesized by coprecipitation route and reduction of exfoliated graphite
oxides method, respectively. GNS modified CuO-ZnO-Al2 O3 nanocomposites were synthesized by high energy ball milling
method. The structure, morphology, and character of the synthesized materials were studied by BET, XRD, TEM, and H2 -TPR. It
was found that by high energy ball milling method the CuO-ZnO-Al2 O3 nanoparticles were uniformly dispersed on GNS surfaces.
The catalytic performance for the methanol synthesis from CO2 hydrogenation was also tested. It was shown experimentally that
appropriate incorporation of GNS into the CuO-ZnO-Al2 O3 could significantly increase the catalyst activity for methanol synthesis.
The 10 wt.% GNS modified CuO-ZnO-Al2 O3 catalyst gave a methanol space time yield (STY) of 92.5% higher than that on the
CuO-ZnO-Al2 O3 catalyst without GNS. The improved catalytic performance was attributed to the excellent promotion of GNS to
dispersion of CuO and ZnO particles.

1. Introduction
The concentration of atmospheric CO2 had risen from
∼280 ppm before 1860 to ∼390 ppm in 2010, which is further
predicted to be ∼570 ppm by the end of the century [1]. The
increase in CO2 emissions arguably causes to the increase
in global temperatures and climate changes, which is called
the “greenhouse effect.” Hence, the comprehensive utilization
of CO2 has drawn more and more attention from the entire
world. Because converting CO2 to methanol not only could
promote the efficient utilization of CO2 but also has found
a new way of methanol production, CO2 hydrogenation to
methanol has become a hot topic of academic research [2].
But due to the fact that CO2 is inert molecule and very
difficult to be activated, so making an appropriate catalyst
that could bring the enhancement of CO2 conversion and
methanol yield will be the key topic of this research.
A conventional CuO-ZnO-Al2 O3 catalyst for methanol
production from synthesis gas (mixture of CO, CO2 , and H2 )

is now accepted [3–5]. But it is not adequate for methanol
synthesis from a H2 /CO2 mixture at temperatures below
250∘ C [6–8]. Hence, several modifications have been used to
improve conventional CuO-ZnO-Al2 O3 methanol synthesis
catalysts. The key is to keep a high dispersion of the Cu/Zn
crystallites where the active sites are as stated in [9, 10]. A
lot of works have been done by doping other metal elements
in CuO-ZnO-based catalyst for investigation, for example,
Cr, Zr, V, Ce, Ti, Ga, and Pd [11–13]. In addition, some
works tried to find the suitable method to synthsis CuOZnO-Al2 O3 catalyst, such as sol-gel, hydrothermal, reverse
microemulsion, and organic chelating agent to the common
coprecipitation method [14, 15].
In comparison to the other preparation techniques, high
energy ball milling has been used as an effective and easy
method for preparation of high dispersed and refining grains
including nanocrystalline as well as amorphous materials
[16]. High energy ball milling process can change not only
the size but also the structure of the material, so that makes

2
the active species in the secondary distribution of the sample
surface [17, 18]; moreover, the particles undergo heavy pressure and mechanical deformation forming high-density fault
structure and high concentration of lattice defects [19]. As a
result, it makes the catalytic activity significantly improves
due to the dynamic performance of the catalyst increasing.
Graphene nanosheet (GNS) is considered an excellent
catalytic carrier and additives owing to its unique physical
chemical properties [20], such as, special electronic transmission characteristics, huge specific surface area, and excellent
electrical and thermal conductivity. So far, the research
of graphene in catalyst fields primarily appears to be on
photoelectric catalysis, fuel cell, lithium ion battery, and so
on.
In this paper, we doped GNS with CuO-ZnO-Al2 O3
composite oxides by high energy ball milling method. The
prepared catalysts exhibit high dispersion of nanocomposite particles and high activity for CO2 hydrogenation to
methanol.

2. Experimental
2.1. Material Synthesis. Graphene nanosheet (GNS) was synthesized by reduction of graphite oxides. Firstly, we prepare
graphite oxide by a modified Hummers method [21]. Then,
the prepared graphite oxide was dispersed in deionized
water, followed by ultrasonic as graphene suspension and the
hydrazine hydrate was added as the reducing agent. After
that the mixture was refluxed at 100∘ C. In the end, GNS was
obtained after filtering, washing, and drying the resulting
mixture.
The mixed aqueous solution of Cu(NO3 )2 , Zn(NO3 )2 ,
and Al(NO3 )3 (the mole ratio is 6 : 3 : 1) with a total concentration of 1 mol/L and the aqueous solution of 1 mol/L
Na2 CO3 were prepared. The CuO-ZnO-Al2 O3 catalysts were
prepared by concurrently dropping Na2 CO3 solution and
mixed nitrates solution into an around-bottomed flask at
70∘ C under the water bath with vigorous stirring. The mixed
nitrates solution was dropped at a rate of 5 mL/min and the
pH was kept constant at 7-8. Then, the precursor was filtered
and washed followed by dried overnight at 80∘ C. Finally the
precursor was calcined at 350∘ C for 6 h to produce the CuOZnO-Al2 O3 catalysts.
In our experiment Fritsch 7 Pulverisette planetary ball
mill was applied. The anhydrous ethanol was used as ball mill
solvent and WC balls (Φ = 10 mm) were used as grinding
balls. The milling rotational speed was 500 r/min. And ball
mill could stop running for 15 min after working for 30 min.
The cumulative milling time is 6 h. The mixture was dried
at 60∘ C for 24 h after ball milling. The catalysts are denoted
as CZA (without GNS), 5G-CZA (5 wt.% GNS), 10G-CZA
(10 wt.% GNS), and 15G-CZA (15 wt.% GNS), respectively, in
terms of graphene contents variations.
2.2. Material Characterization. Panalytical X’Pert Pro polycrystal X-ray diffraction (XRD) was performed with Cu-K𝛼
radiation, 𝜆 = 0.15406 nm, tube voltage being 40 kV, and
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tube current being 40 mA in crystal structure of material
characterization. The grain size of material is calculated by
the Scherrer formula based on the strongest half peak width
of the diffraction peak. The Brunauer-Emmett-Teller (BET)
surface area of the catalyst was measured with an ASAP2010 surface analyzer. The samples were degassed at approximately 200∘ C for 4 h before analysis. Hydrogen temperatureprogrammed reduction (H2 -TPR) was conducted with a
GC-7890II Gas chromatograph equipped with a thermal
conductive detector (TCD) made from Shanghai Tianmei
Company. The quality of the catalyst tested was 10 mg with
the 5% H2 -N2 mixture gas as the reducing gas at a flow rate
of 50 mL/min and heating rate of 10∘ C/min. Tecnai G2-F30
transmission electron microscopy (TEM) was used to test the
morphology of catalyst with 300 kV accelerating voltage.
2.3. Catalytic Tests. The activity tests were carried out in
a stainless steel fixed bed microreactor. The catalyst (20–
40 mesh size, 0.5 g) was packed into a stainless steel fixed
bed microreactor (15 mm Φ) and reduced in a mixed
(𝑉(H2 )/𝑉(N2 ) = 5/95) flow at 280∘ C for 6 h. After the
reduction, the gas feed was switched to the reactant gas
(𝑉(H2 )/𝑉(CO2 )/𝑉(N2 ) = 69/23/8). The reaction was tested
at a pressure of 3.0 MPa and temperature of 250∘ C with a
space velocity of 12000 mL/h⋅gcatal. . The CO2 and CO were
separated and regulated by carbon packed molecular sieve
column and thermal conductivity detector (TCD). Methanol
and other organic matters were separated and regulated by
PoraPak Q column and hydrogen flame ionization detector
(FID).

3. Results and Discussion
3.1. Structure Properties of Catalysts. The XRD patterns of
the pure CuO-ZnO-Al2 O3 samples and the CuO-ZnO-Al2 O3
doped by varying contents of GNS samples are compared
in Figure 1. No matter how much is the amount of GNS
added in the samples, the characteristic diffraction peaks of
CuO appeared at 2𝜃 = 35.6∘ , 38.8∘ , and 48.9∘ and the ZnO
special diffraction peaks appeared at 2𝜃 = 31.8∘ , 34.5∘ , and
36.3∘ in all the samples. The peak at 2𝜃 = 26∘ is the typical
diffraction peak (002) of graphite material. With the added
GNS increasing, the typical diffraction peak (002) intensity
weakened a lot compared with the natural graphite. As part
of the crystal structure of the incomplete oxidation of flake
graphite damaged to some extent, so that its peak intensity is
greatly decreased.
The physicochemical properties of CuO-ZnO-Al2 O3
doped with different amounts of GNS are summarized in
Table 1. For comparison, the physicochemical properties of
pure CuO-ZnO/Al2 O3 are also included. The surface areas
of CZA, 5G-CZA, 10G-CZA, and 15G-CZA are 40.9, 113.3,
147.8, and 186.3 m2 /g, respectively. The surface areas of the
samples increase with the increase of GNS doping amount
and it proves that specific surface area of sample is proportional to the GNS addition. From Table 1, we could get the
crystallite size data of CuO and ZnO calculated from their
corresponding diffraction peak by Scherrer equation. And
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Table 1: Physicochemical properties of CuO-ZnO-Al2 O3 doped
with different amounts of GNS.
Catalysts

ZnO
crystallite
size (nm)

CuO crystallite
size (nm)

Surface area
(m2 /g)

CZA

40.9

13.6

17.3

5G-CZA

113.3

12.6

16.4

10G-CZA

147.8

12.4

14.0

15G-CZA

186.3

14.5

20.6

CuO and ZnO crystallite sizes were calculated from XRD data using Scherrer
equation.
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Figure 1: XRD patterns of CuO-ZnO-Al2 O3 doped with different
amounts of GNS [∗] CuO; [∙] ZnO.

the crystallite size of CuO particles decreased from 13.6 nm
of CZA to 12.4 nm of 10G-CZA and the size of ZnO particles
decreased from 18.3 nm to 14.0 nm. When milling time
was constant, the minimum crystallite size of the samples
is the sample powder with 10 wt.% GNS doped. For this
result, there might be two reasons: (1) the CuO-ZnO/Al2 O3
particles adsorb on the surface of GNS, which reduce the
surface energy of the particles and prevent the recombination
between breaking chemical bonds, leading to the decrease of
mechanical strength of the particles and the external force for
dislocation extension and finally resulting in reinforcement of
the crushing effect. (2) The compatibility of the powder with
ethanol increases by the addition of GNS, which improves
the rheological properties of the slurry. As a result, the slurry
viscosity is decreased and the fluidity and dispersal ability
of particles are promoted making the collision frequency
between the ball mill and powder particle higher. However,
for the sample with 15 wt.% GNS doped the crystallite size
of CuO increased to 14.5 nm and the size of ZnO increased
to 20.6 nm. This result illustrates the excessive addition of
graphene reduced the collision frequency between the ball
mill and particles, so that the particles were bigger for
aggregating. Such a conclusion suggests that crystallite size
is the smallest when GNS doped in the composite is 10 wt.%
and the crushing grain effect is weakened over this doped
amount.

3.2. TEM. The morphology of CuO-ZnO/Al2 O3 doped
with different amounts of GNS is shown in the TEM
images in Figure 2. In Figure 2(a), the particle sizes are
larger with obvious agglomeration of the pure CuO-ZnOAl2 O3 catalysts which could be seen after ball milling.
In Figures 2(b), 2(c), and 2(e), the transparent cicada’s wing
shape of nanographene sheets characteristic could be seen
and the composite metal oxides particles are evenly distributed on the GNS. The stacks of graphene layers are clearly
observed in the high-resolution image of Figure 2(d). Due to
the fact that the GNS has a large specific surface area and
the big 𝜋 electron delocalization system, it is beneficial to
the anchoring of the metal oxide nanoparticles and increases
the electrostatic repulsion between the particles. GNS made
by chemical reduction method has a certain amount of
lattice defects and some residual oxygen functional groups
making the distribution of the catalyst nanoparticles more
uniform. The ball mill method made the metal oxide particles
distributed evenly on GNS with the shape more regular
and the size smaller. Figure 2(c) shows the CuO-ZnO-Al2 O3
catalysts doped with 10 wt.% GNS with the smallest size
distributed on the GNS sheets most uniformly which is
consistent with the change of the grain size of CuO and ZnO.
3.3. Reduction Properties of the Catalysts. The H2 -TPR patterns of CuO-ZnO/Al2 O3 doped with different amounts of
GNS are given in Figure 3 and the four samples are all
reduced in the temperature range of 150–290∘ C. For the pure
CuO-ZnO/Al2 O3 catalyst, there is a big side-by-side peak
which can be decomposed into two peaks noted as 𝛽 and 𝛾,
respectively. Because ZnO and Al2 O3 are not reduced under
the experimental conditions described here [22], so the two
peaks appeared in the TPR profile stand for CuO existing in
two different ways. The low temperature reduction peak (𝛽
peak) is assigned to reduction of CuO highly dispersed on
the surface of catalysts and the high temperature reduction
peak (𝛾 peak) is assigned to reduction of CuO in bulk phase.
It is noticeable that there is a new small peak appearing at
lower temperature in the H2 -TPR patterns of other three
samples doped with GNS. We name the lower temperature
peak as 𝛼 peak and assume that it is the contribution of
GNS. GNS makes the shifts of reduction peak of the highly
dispersed CuO toward lower temperature; that is, it makes
part of CuO being more easily reduced by H2 . This is because
GNS has high adsorption and activation ability for hydrogen
species [23] and implies that in the reaction GNS is not only
a carrier but also a good promoter. In order to prove that the
appearance of 𝛼 peak has nothing to do with the reduction of
GNS, we run a H2 -TPR test in the same steps as before to pure
GNS, getting a curve which is almost a straight line parallel to
the baseline without any peaks. The areas of reduction peaks
and their contributions to the TPR pattern over catalysts are
given in Table 2. We can see that the proportion of areas
of 𝛼 and 𝛽 peaks together is as high as 69.1% when the
amounts of GNS doped is 10 wt.% indicating a higher content
of highly dispersed CuO. The result is in accordance with the
conclusion of aforementioned XRD, TEM characterization.
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(a)

(c)

(b)
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Figure 2: TEM photos of CuO-ZnO/ Al2 O3 doped with different amounts of GNS: (a) CZA, (b) 5G-CZA, (c) 10G-CZA, (d) the HRTEM
photos of 10G-CZA, and (e) 15G-CZA.

Table 2: Temperatures of reduction peaks and their contributions to the TPR pattern over catalysts.
Catalysts
CZA
5G-CZA
10G-CZA
15G-CZA

𝑇𝛼 (∘ C)
—
197
204
215

𝑇𝛽 (∘ C)
215
224
227
230

𝑇𝛾 (∘ C)
240
245
246
249

(𝐴 𝛼 + 𝐴 𝛽 )/(𝐴 𝛼 + 𝐴 𝛽 + 𝐴 𝛾 ) (%)
43.8
58.7
69.1
56.0

𝐴 𝛼 , 𝐴 𝛽 , and 𝐴 𝛾 represent the areas of 𝛼, 𝛽, and 𝛾 peaks, respectively.

3.4. The Performance and Stability of the Catalysts. The
activity evaluation of CO2 hydrogenation to methanol is
carried out in the fixed bed microreactor and methanol
and CO are the main carbonaceous products with a small
amount of CH4 . In Table 3, the copper dispersion (𝐷Cu ) and
active surface area (MSA) of the catalysts are showed by
calculation from N2 O chemisorption data. We could find that
𝐷Cu and MSA values are increased with the amount of the
GNS increased till 10 wt.%, and then those are reduced when
the GNS amount is up to 15 wt.%. As shown in Table 3, the
CO2 conversion and methanol space time yield (STY) are
in accordance with 𝐷Cu and MSA. The 10G-CZA has the
highest CO2 conversion and STY of 14.6% and 360 mg/g⋅h,
which are 71.8% and 92.5% higher than that on the CZA
catalyst, respectively. These results suggest that the dispersion
and particle size of active components of CuO and ZnO
have a significant influence on the catalytic activity. The 10GCZA catalyst, which has the most highly dispersion and the
smallest particle size, is most conducive to the improvement

of the catalytic performance. The result is in agreement with
the XRD, TEM, and H2 -TPR and other analysis conclusions.
Figure 4 shows the assay results of conversion and
methanol selectivity at 230–280∘ C over the catalysts of CZA
and 10G-CZA. The CO2 conversion of the both catalysts
went up as the temperature increased because appropriately
raising the reaction temperature could promote the CO2
reaction. On the other hand, both the methanol selectivity decreased with the temperature increased because the
methanol formation from the hydrogenation of CO2 is
thermodynamically restricted within low conversion under
the operating conditions [24]. It can be showed that the CO2
conversion and the methanol selectivity of 10G-CZA catalyst
were always higher than that of the CZA catalyst, confirming
that graphene is an excellent promoter for CuO-ZnO-Al2 O3
catalysts on CO2 hydrogenation to methanol.
The 10G-CZA as the best catalyst performance was
selected for the stability test, and the results are shown
in Figure 5. The CO2 conversion and methanol selectivity
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Table 3: Catalytic properties and N2 O chemisorption data of CuO-ZnO-Al2 O3 doped with different amounts of GNS.
𝐷Cu (%)
7.2
8.2
9.4
7.7

Catalysts
CZA
5G-CZA
10G-CZA
15G-CZA

MSA (m2 /gCu )
10.8
11.7
12.6
11.3

Conversion of CO2 (%)
8.5
12.1
14.6
12.3

Selectivity of CH3 OH (%)
55.7
59.9
62.3
57.7

STY of CH3 OH (mg/g⋅h)
187
287
360
281

Reaction conditions: temperature = 250∘ C; pressure = 3.0 MPa; SV = 12000 ml/h⋅gcatal .
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Figure 5: Variation of CO2 conversion and methanol selectivity with
reaction time over 10G-CZA catalyst (T = 250∘ C, P = 3.0 MPa, SV =
12000 mL/h⋅gcatal. ).

The high energy ball milling method has been used to
prepare GNS modified CuO-ZnO-Al2 O3 nanocomposites
catalysts for methanol synthesis from CO2 hydrogenation.
GNS/CuO-ZnO-Al2 O3 nanocomposites catalyst with 10 wt.%
GNS showed the best catalytic activity with CO2 conversion
and methanol space time yield is 71.8% and 92.5% higher
separately than the catalyst without GNS addition. The
GNS modified CuO-ZnO-Al2 O3 nanocomposites catalysts
prepared by high energy ball milling method make the
dispersion of active components of CuO and ZnO higher
and smaller particle size and exhibit a much enhancement
in catalytic performance. The ball mill operation is simple
with low energy consumption, environmentally friendly, and
suitable for large-scale preparation of industrialization.
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Figure 3: H2 -TPR patterns of CuO-ZnO-Al2 O3 doped with different amounts of GNS.

0

65

4

0
150

75

12

Methanol selectivity (%)

80
CO2 conversion (%)

Consumption of H2 (a.u.)

16

0

10G-CZA
CZA

Figure 4: Variation of CO2 conversion and methanol selectivity
with reaction temperature over CZA and 10G-CZA catalyst (P =
3.0 MPa, SV = 12000 mL/h⋅gcatal. ).
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This paper takes the coal fly ash as the material and makes zeolite with low thermal conductivity under a two-step synthesis for
the purpose of thermal insulation. It studies main factors affecting zeolite such as the different concentration of NaOH, the solidliquid ratio, the silica-alumina ratio, and the crystallization temperature. The optimal conditions were obtained that the NaOH
concentration was 3 mol/L, the solid-liquid ratio was 10 : 1, the silica-alumina ratio was 2, and the crystallization temperature
was 12∘ C. Zeolites have multiple pores and skeletal structures under SEM observation. The mean particle size was 2.78 um of
concentrated distribution. The pore volume was 0.148 m3 /g measured by BET analysis, the specific surface was 118.6 m2 /g, and
the thermal conductivity was 0.153 W/(m⋅K). Zeolite was proved to be a qualified insulation material which can be used in thermal
insulation coating as a new material of energy conservation.

1. Introduction
Fly ash is the largest amount of industrial waste in the world.
There is still a proportion of CFA that is discharged into ponds
or landfills, which causes serious environmental problems
and significant distress to local communities [1, 2]. Therefore,
recycling CFA has important economic and environmental
implications. The components of fly ash are some oxides
derived from inorganic compounds, which remain after
combustion of the coal. The main components of fly ash
are SiO2 and Al2 O3 , which are compositionally similar to
natural zeolites [3]. Because of these similarities, more than
150 zeolites have been synthesized from CFA in the past few
years [4].
Höller and Wirsching first reported how to create zeolites
from fly ash in 1985 [5]. Then, many attempts have been made
to derive zeolites from CFA using a one-stage hydrothermal
method. The main obstacle to synthesizing zeolites from
CFA is that, to speed up the reaction, temperatures in the
range of 100–200∘ C must be applied in order to dissolve
the silica and alumina [6, 7]. Over a decade later, Hollman
et al. [8] pioneered the two-stage hydrothermal method,
which reportedly yielded very pure zeolite. As a result, the
two-stage hydrothermal method gained considerable interest

in the following years [9]. The main disadvantages of the
two-stage method are fairly long incubations times (∼72 h)
and the high temperatures (>500∘ C) required to prefuse the
CFA with a solid alkali [10]. Studies in the literature suggest
that it is possible to synthesize zeolites from natural materials
and industrial residues, but all of these processes employ
large quantities of sodium hydroxide (NaOH) and require
high temperatures for performing the alkaline fusion [11].
Such processes have significant costs and are not always
reproducible [12].
Zeolites were usually applied to environmental technology for ion exchange, soil improvement, and air purification
[13, 14]. In addition, zeolites can be used in wastewater
purification because they efficiently adsorb positively charged
pollutants in wastewater, such as heavy metals [15–17]. But
they have not been applied to thermal insulation. Zeolites
have multiple pores filled with air of low thermal conductivity. There is a good reason to take them as a thermal insulation
material.
In this study, a homogeneous-phase reactor was explored
to reduce the temperatures and reaction times required to
synthesize zeolites from deironed CFA. We selected qualified
zeolites of low thermal conductivity by changing experimental conditions.
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2. Materials and Methods

2.2. Zeolites Synthesis. Based on the optimized experimental
conditions determined earlier, the two-step synthesis of zeolites in this study was performed. In hot alkali solution, iron
compound in the coal fly ash reacted with NaOH to produce
Fe(OH)3 sediment that reduced the alkali concentration and
resulted in a reduction of crystallinity and whiteness [19].
Therefore, The CFA was pretreated several times using a
permanent magnet (6000 Gs, Ningbo, China) to remove the
iron in it. Then, CFA was added to reaction tanks in a JBJX8 homogenous reactor (Jianbang, China) containing NaOH
(analytical reagent, >96%) solutions. After the self-pressure
alkali-leaching reaction, the supernatants in the reaction
tanks were collected to determine the amount of silicon in the
alkaline leaching solution by means of silicon molybdenum
yellow spectrophotometry. The aluminum content in solution
was also measured by means of test method for analysis of
coal ash (GB/T 1547-2007). Sodium metaaluminate (analytical reagent, >99.5%) was added to adjust the molar ratio
of SiO2 /Al2 O3 . The solution was then placed in the reactor
again. The crystallized products were filtered and washed
until pH 9-10. The products were dried at 100∘ C and stored
overnight.
2.3. Analyses Methods. X-Ray Powder Diffractometer (D8
Advance, Bruker, Germany) was used to analyze the phase of
the zeolites synthesized from CFA. The sample was pressed
into a tablet using a mold with a diameter of 2 cm. Cu-Ka
radiation was adopted. The accelerating voltage was 40 kV,
the electrical current was 40 mA, and the scans ranged from
10∘ to 80∘ at a speed of 6∘ /min. The thermal conductivities of
samples were measured by the Thermal Conductivity Tester
(DRL-II, Xiangtan, China). After the samples had been goldsprayed, the surface topography of the samples was observed
by the Field Emission Scanning Electron Microscope (S4800, Hitachi, Japan). The size and distribution of the sample
were measured by the Particle Size Analyser (Eyetech/CIS,
Ankersmid B.V., Holland). Based on N2 adsorption, BET
method was used to measure specific surface area of the
samples by the Surface Area and Pore Size Analyzer (ASAP
2020M, Micromeritics, USA).

3. Results and Discussion
3.1. The Influence of Sodium Hydroxide Concentration on
Zeolite. In the process of synthesis, NaOH concentration
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also includes 4.96% Fe2 O3 , which is not favorable for the
preparation of zeolite molecular sieves. Thus, Fe2 O3 must be
removed from the materials prior to synthesizing zeolite.
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Figure 1: XRD pattern of samples synthesized with different
concentration of sodium hydroxide. H-Halite, syn (PDF number 050628); A1-Zeolite A, [Na] (PDF number 39-0223), A2-Zeolite 4A
(PDF number 43-0142); and A3-Zeolite A (PDF number 46-0564).

determined the water-sodium ratio and the equilibrium state.
As a result, the reaction headed to the synthesis of some
kind of zeolite. The product’s state changed with NaOH
concentration. This paper studied the influence of coal fly
ash on zeolite with four NaOH concentrations (1.5, 2, 3, and
4 mol/L). Experimental conditions were as follows: solidliquid ratio was 10 : 1 (quality of NaOH solution and coal
fly ash); alkaline-leaching temperature was 100∘ C; alkalineleaching time was 2 h; the silica-alumina ratio was 2; the
crystallization temperature was 100∘ C; the crystallization
time was 3 h. Synthesized zeolites were applied to XRD
analysis. The results are shown in Figure 1.
Qualitative phase analyses with the XRD data were
performed. When NaOH concentration was 1.5 mol/L, the
product was in the form of amorphous silica. When NaOH
concentration was more than 2 mol/L, it became very pure
NaA zeolite. Zeolite synthesis with hot water composed of
two processes: first was the production of silica-alumina gel;
then the gel turned into crystallized synthesized zeolites.
When NaOH concentration was very low, silica and alumina
could not react fully to produce the gel. As the concentration
increased, silica and alumina could gradually react and
reached the condition to synthesize zeolites [20].
Zeolites were different under various NaOH concentrations. Their structure and performance varied for each
kind. Their thermal conductivities were tested, as was shown
in Figure 2. Within the selected NaOH concentration, the
thermal conductivity was less than 0.25 W/(m⋅K), capable
of being thermal materials. The thermal conductivity was
the smallest, 0.179 W/(m⋅K), when NaOH concentration was
3.0 mol/L. Thus, 3.0 mol/L was the optimal concentration for
NaOH.
3.2. The Influence of the Solid-Liquid Ratio on Zeolite. We
explored the quality ratio of NaOH solution to coal fly ash
(adjusted solid-liquid ratio was 3 : 1, 7 : 1, 10 : 1, 13 : 1, and 15 : 1).
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Figure 3: XRD pattern of samples synthesized with different solidliquid ratio. Y-Faujasite Na, (PDF number 12-0246), X-Zeolite X
(PDF number 41-0118), P-Zeolite P, [Na] (PDF number 44-0052), PA-Zeolite P-A (PDF number 38-0323), A-Zeolite 4A (PDF number
43-0142), and H-Halite, syn (PDF number 05-0628).

Experimental conditions were as follows: the concentration
of NaOH is 3 mol/L; alkaline-leaching temperature was
100∘ C; alkaline-leaching time was 2 h; solid-liquid ratio was
10 : 1; silica-alumina ratio was 2.5; crystallization time was 3 h.
Synthesized zeolites were applied to XRD analysis. The results
were shown in Figure 3.
When the solid-liquid ratio was 3 : 1, the product concentration in coal fly ash solution was high. The crystallized
speed was fast but the reaction was uneven. This brought
about many mixed crystals, including Y-type zeolite, Faujasite
Na (PDF number 12-0246), X-type zeolite (PDF number 410118), and P-type zeolite (PDF number 44-0052). As solidliquid ratio increased, reactants were able to be dissolved
with more silica and alumina. When solid-liquid ratio was
7 : 1, characteristic peak of NaA zeolite showed up with

3:1

7:1

10 : 1

13 : 1

15 : 1

Solid-liquid ratio

Figure 4: Thermal conductivity of samples synthesized with different solid-liquid ratio.

synthesized products of high crystallinity such as P-A-Zeolite
P-A (PDF number 38-0323), A-Zeolite 4A (PDF number 430142), and H-Halite, syn (PDF number 05-0628). Zeolites
were very pure when the ratio was 10 : 1.
To study the thermal insulation property, we tested the
thermal conductivity of products with different solid-liquid
ratios. The results were shown in Figure 4. When solidliquid ratio was less than 15 : 1, the thermal conductivities
were smaller than 0.25 W/(m⋅K), which fitted the standard
of thermal insulation material. When the ratio was 10 : 1, the
thermal conductivity was the smallest, 0.172 W/(m⋅K), which
was the optimal ratio.
3.3. The Influence of the Silica-Alumina Ratio on Zeolite.
The properties of synthesized zeolitic materials from coal
fly ash are also affected by the silica-alumina ratio. The
series experiments with different silica-alumina ratio were
studied by adjusting the dose of sodium metaaluminate.
Other experiment conditions were as follows: the concentration of NaOH is 3 mol/L; alkaline-leaching temperature was
100∘ C; alkaline-leaching time was 2 h; solid-liquid ratio was
10 : 1; crystallization time was 3 h; crystallization temperature
was 100∘ C. Figure 5 shows the XRD pattern of samples
synthesized with different silica-alumina ratio. Tanaka et al.
[21] thought alumina affected the solubility of silica in the
silica-alumina gel. They presented a negative correlation.
Therefore, an adjusted silica-alumnia ratio was the key to
produce qualified zeolite.
When silica-alumina ratio was 1.5, the synthesized product was mainly in the form of NaA-type zeolite. When it was
adjusted to 2, 2.5, and 3, there were NaX-type zeolites and
NaA-type. And these two types of zeolites are all with special
pore and skeletal structure. After the test of thermal conductivity of synthesized zeolites with different silica-alumina
ratio (as was shown in Figure 6), it was found out that
the thermal conductivity was the smallest at 0.181 W/(m⋅K)
when silica-alumina ratio was 2. Given soluble result of silica
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Figure 7: XRD pattern of samples synthesized with different
crystallization temperature. A-Zeolite 4A (PDF number 43-0142),
S-Sodalite (PDF number 41-0118), X-Zeolite (PDF number 41-0118),
and U-Unnamed (PDF number 38-0221).
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Figure 6: Thermal conductivity of samples synthesized with different silica-alumina ratio.

and alumina in the coal fly ash solution as well as the property
of the product, the ratio was set as 2 in latter experiments.
3.4. The Influence of Crystallization Temperature on Zeolite.
Crystallization temperature was important in the process
of zeolite crystallization. Experiment conditions were as
follows: the concentration of NaOH is 3 mol/L; alkalineleaching temperature was 100∘ C; alkaline-leaching time was
2 h; solid-liquid ratio was 10 : 1; silica-alumina ratio was 2.5;
crystallization time was 3 h; adjusted crystallization temperature was 80, 100, 120, and 140∘ C. Figure 7 shows the
variation of samples synthesized with different crystallization
temperatures. When the temperature was 80∘ C, the product
was mainly in the form of amorphous silica and there was
no zeolite. When it reached 100∘ C, the synthesized product
was mainly in the form of NaA-type zeolite. When it reached
120∘ C, NaX-type zeolite with multiple pores was synthesized.
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Figure 8: Thermal conductivity of samples synthesized with different crystallization temperature.

When the temperature was 140∘ C, there was an unnamed
zeolite with high crystallinity and purity. There was almost
no characteristic peak of mixed crystal.
According to thermal conductivity test (as was shown in
Figure 8), when the crystallization temperature was 140∘ C,
the thermal conductivity was the biggest at 0.221 W/(m⋅K).
When it was 120∘ C, the thermal conductivity was the smallest
at 0.153 W/(m⋅K). Thus, crystallization temperature did have
a great influence on the crystallinity of samples. If the
crystallization temperature was too low, the reaction was
hard to continue. As the temperature increased, the solubility
of silica-alumina gel rose up. So did the number of crystal
nucleus. The crystallization speed would be accelerated and
the crystal was getting bigger, resulting in an increase of the
thermal conductivity [22]. Therefore, the optimal crystallization temperature was 120∘ C.
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Figure 9: SEM observation for zeolite synthesized with different
crystallization temperatures.

Therefore, with the coal fly ash as the material, the optimal
condition for making zeolite with low thermal conductivity
under a two-step synthesis was as follows: the concentration
of NaOH was 3 mol/L with a solid-liquid ratio of 10 : 1, the
silica-alumina ratio of 2, and the crystallization temperature
of 120∘ C.
3.5. The Appearance Performance Analysis of Synthesized
Zeolites. Make the zeolites under the optimal condition and
observe their appearances by SEM observation. They had
multiple pores and skeletal structures as were shown in
Figure 9. According to laser particle size analyzer, mean
particle size of zeolite was 2.78 um of concentrated distribution. About 70% of particles were from 700 nm to 2 um. By
BET analysis, the pore volume of zeolite was 0.148 m3 /g, the
specific surface is 118.6 m2 /g, and the thermal conductivity is
0.153 W/(m⋅K). Zeolite is proved to be a qualified insulation
material, which can be used in thermal insulation coating as
a new material of energy conservation.

4. Conclusion
This paper concludes the optimal condition for making
zeolite with low thermal conductivity coefficient by deironing
coal fly ash under two-step synthesis. The concentration of
NaOH is 3 mol/L with a solid-liquid ratio of 10 : 1, silicaalumina ratio of 2, and crystallization temperature of 120∘ C.
Zeolites have multiple pores and skeletal structures. The
mean particle size is 2.78 um, the pore volume is 0.148 m3 /g,
the specific surface is 118.6 m2 /g, and the thermal conductivity is 0.153 W/(m⋅K). Zeolite is proved to be a qualified
insulation material which can be used in thermal insulation
coating as a new material of energy conservation.
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