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a b s t r a c t

Composites (CaP-DENPtNPs) of calcium phosphate particles (CaPs) with Pt nanoparticles protected by
dendrimers (DENPtNPs) were synthesized at different pH following a hydrothermal synthesis method.
The CaP matrix in CaP-DENPtNPs composites possessed hydroxyapatite crystalline structures at pH 12
and 8, but monetite crystals were obtained at pH 4. The particle sizes of the composites increased with
decreasing pH, and at the same time the amount of PtNPs in the composites also increased. Furthermore,
it was confirmed that CaP-DENPtNPs were mesoporous nanocomposites, and DENPtNPs nanoparticles
were incorporated mainly on the surface of CaP particles at high pH, but most of DENPtNPs were encap-
sulated inside CaPs at low pH. The uptake of well-dispersed Pt nanoparticles up to 60 wt% in CaPs sug-
gests the possibility of these materials as effective catalysts.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Research in the field of nanomaterial engineering is currently
facing greatest challenges, owing to the wide variety of novel
potential applications of nanomaterials in biomedical, environ-
mental, optical, energy, and electronic fields [1,2]. It is well known
that nanoparticles have a much larger surface area per weight than
large particles, which causes them to be more active than macro-
scopic structural systems [3]. One of those materials with valuable
potential applications is hydroxyapatite (HAp), which has been
nowadays utilized particularly for biomedical purposes as materi-
als for bone tissue engineering and matrices for drug delivery sys-
tem [4,5] due to its biocompatibility, in situ slow degradability, and
osteoconnectivity [6,7]. HAp nanoparticles also possess an excep-
tional characteristic biocompatibility with soft tissues (skin, mus-
cle, and gum) [8], allowing HAp to be an ideal candidate as a
constituent of orthopedic and dental implants. Especially, HAp is
promoted their sinterability and densification owing to the greater
surface area, which also improves their mechanical properties [7].
Moreover, HAp nanoparticles exhibit better bioactivity than coarse
crystals [9], and hence nanosized HAp with large surface area
attracts attention in this era of nanotechnology.

HAp nanoparticles can be prepared by a variety of techniques
such as mechanochemical synthesis [10], thermal treatment [11],
sol–gel synthesis [12], solid state reaction [13], co-precipitation
[14], hydrothermal reaction [15], and various wet-chemical tech-
niques [16,17]. Environmentally responsible techniques [18],
namely, molten-salt synthesis, hydrothermal processing, biomimic
synthesis and template synthesis have been implemented as viable
techniques for the synthesis of a large variety of materials [19,20].
Especially, the hydrothermal method has been developed to be an
effective and convenient process to prepare various inorganic
materials with diverse, controllable morphologies and architec-
tures [21–24]. Besides, this method also possesses other essential
advantages such as easily controllable reaction conditions, rela-
tively large scale, high yield, and aqueous medium [18].

Researches regarding the combination of nanoparticles with
other molecules/materials, called nanocomposites, are notable. A
large amount of investigations have been performed in respect to
HAp-based nanocomposites [18,25,26], but only a few studies have
been reported about nanocomposites of HAp with poly(amido
amine) (PAMAM) dendrimer [27–31]. Khopade et al. [27] have pro-
posed that COOH-terminated half-generation PAMAM dendrimers
and/or their supramolecular aggregates might serve as nucleation
sites, where Ca2+ ions of HAp precursors physically bound and then
the binding of PO4

3� ions was followed. Yang and his coworkers
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[28–30] also have suggested that Ca2+ ions of HAp precursors
might be adsorbed on the surface or interior of half-generation
PAMAM dendrimers through electrostatic interactions. On the con-
trary, Pramanik and Imae [31] adopted amine-terminated PAMAM
dendrimer, where PO4

3� ions of HAp precursors electrostatically
interacted first with NH2 groups from dendrimer and then with
Ca2+ ions. Finally they have successfully synthesized porous HAp
with dendrimer porogen. The different generations and functional
groups of the dendrimers used in those reports indicated that den-
drimers affect the shape and size of HAp, which is also influenced
by pH. Overall, dendrimers are able to modify the original needle-
like particles of HAp into elliptical or rod-like particles.

The main objective in the present study is the adjunction of cat-
alytic functionality, namely Pt nanoparticles (PtNPs), in composites
consisting of calcium phosphate (CaP) and dendrimer (DEN). To the
best of our knowledge, the preparation of functional composites
consisting of dendrimer-stabilized Pt nanoparticles in a CaP matrix
has never been studied. The optimization for the preparation of the
composites, the characterization of the products and the identifica-
tion of the PtNPs can be considered of high importance. Thus, in the
present research, PtNPs were encapsulated into dendrimers as the
size/shape-controller as well as the stabilizer and then loaded to
CaPs, which play the role of a three-dimensionally structured scaf-
fold. Since the resulting composites are expected to load large
amounts of Pt nanoparticles, they may be valuable as catalysts
on many reaction processes.
2. Experimental section

2.1. Materials

All chemicals such as calcium nitrate (Ca(NO3)2�4H2O, 99+%),
diammonium hydrogen phosphate ((NH4)2HPO4, 99+%), fourth
generation amine-terminated PAMAM dendrimer (DEN, 10 wt%
solution in methanol), sodium hexachloroplatinate hexahydrate
(Na2PtCl6�6H2O, 98%), an aqueous ammonia solution (NH4OH,
35%), an aqueous hydrochloric acid solution (HCl, 35%), sodium
borohydride (NaBH4, 98%), and sodium hydroxide (NaOH, 98%)
were analytical grade and available from commercial sources.
Ultrapure water (18.2 MO cm resistivity) was utilized through
whole of the experiments.
2.2. Synthesis of CaP-DENPtNPs composites

PtNPs loaded in DEN (DENPtNPs) were prepared according to
the previously reported procedure [32,33]. In an aqueous solution
of DEN, Na2PtCl6�6H2O was added at a mixing molar ratio of Pt pre-
cursor:NH2 group in DEN = 0.2:1. The solution was adjusted at
around pH 4 by adding an HCl solution before and after adding
Pt precursor, and the yellowish solution was stirred for 3 days.
After that, a reducing agent, NaBH4, in a 0.3 M NaOH solution
was added at a mixing molar ratio of reducing agent:Pt precursor
of typically 10:1. The dark-brown solution was stirred for 1 day.

The synthesis of composites (CaP-DENPtNPs) of CaP and DEN-
PtNPs through a hydrothermal method followed the procedure
previously reported [31]. In a typical procedure, an aqueous DEN-
PtNPs solution was mixed with an aqueous solution of 0.1 M
(NH4)2HPO4 (at mole ratio of PO4

3�:NH2 = typically 1:1) and kept
for typically 3 h with stirring. Subsequently, an aqueous solution
of 0.1 M Ca(NO3)2�4H2O was dropwise added to the DENPtNPs-
phosphate solution at a Ca2+/PO4

3� mole ratio of 1.67 with vigorous
stirring at room temperature. The mixed solutions were adjusted
at pH 12, 8, and 4 by adding an NH4OH or HCl solution. Dark-
brown gelatinous precipitates were generated. For the preparation
of CaP powders, the same procedure was carried out without an
addition of the DENPtNPs solution. A white gelatinous precipitate
was obtained. All resultant precipitates were then annealed in an
autoclave at 150 �C for 15 h. Afterward, the powders were sepa-
rated by centrifugation, rinsed with water, and dried overnight in
an vacuum oven at 70 �C.
2.3. Equipments

The Fourier transform infrared (FTIR) absorption spectroscopic
analysis was carried out on a Nicolet 6700 for samples in KBr pel-
lets. The thermal analysis was carried out on a thermogravimetric
analysis (TGA) thermal analyzer (TA Instruments Q500, UK) under
an air flow at 100 cm3/min with constant temperature rise at 10 �C/
min. The particles were visually observed on a Hitachi H-7000
transmission electron microscope (TEM) with an acceleration volt-
age of 100 kV. The specimens for TEM were prepared by placing a
drop of the aqueous suspension of sample powder on a carbon-
coated copper grid and drying it at room temperature. Dynamic
light scattering (DLS) and laser Doppler electrophoresis (LDE) mea-
surements were performed at 25 �C in a 6 mm carbon electrode
cell on a nanoparticle analyzer (Horiba SZ-100, Japan), equipped
with a 10-mW DPSS laser light source and a photo-multiplier tube
detector. Elemental analysis was performed by means of an energy
dispersive X-ray (EDX) analyzer (JEOL, JSM-6500F, Japan). The crys-
tallographic analysis was done by a wide-angle X-ray diffraction
(XRD) analyzer (Bruker D2 Phaser, USA) using 10 mA current and
30 kV voltage with a monochromatic CuKa radiation (k = 1.5405
Å) at a 2h step size of 0.05�/sec and a scan range from 2h = 20–
80�. Small angle X-ray scattering (SAXS) patterns were recorded
using an X-ray system instrument (Hecus S3 MICRO, Austria),
which was operated at 50 kV and 1 mA with monochromatic CuKa
radiation. The porous texture was analyzed by the nitrogen adsorp-
tion determination (Brunauer–Emmett–Teller (BET) and Barrett–
Joyner–Halenda (BJH)) at 77 K using a surface area analyzer
(Quantachrome Autosorb-iQ porosimeter, UK) after degassing the
samples at 55 �C for 12 h. The specific surface area (SBET) was cal-
culated from the adsorption curve of the BET, the pore volume
(Vp) was evaluated from the final point in the adsorption isotherm
(at approximately 0.995 relative pressure), and the pore diameter
(DBJH) was taken as the maximum in the pore size distribution
calculated by the BJH method applied to the desorption curve.
3. Results and discussion

3.1. Effect of pH on Fabrication of CaP-DENPtNPs composites

Composites, CaP-DENPtNPs, were synthesized by incorporating
dendrimer-stabilized Pt nanoparticles, DENPtNPs, into a calcium
phosphate, CaP, ceramic matrix. The CaP plays the role of disper-
sion medium, which prevents the aggregation of DENPtNPs. The
process started from the fabrication of DENPtNPs nanoparticles
by encapsulating PtNPs into the PAMAM dendrimer with the aim
of controlling and stabilizing the particle size of PtNPs [32,33]. Sub-
sequently, CaP precursors (PO4

3� and Ca2+) were mixed into the
solution containing DENPtNPs, and then CaP-DENPtNPs compos-
ites were synthesized [31].

On the synthesis of CaP-DENPtNPs composites through the
hydrothermal method, the optimum condition was determined,
as reported in Supporting Information (with Figs. S1–S5). The most
loading of DENPtNPs took place after 3 h of stirring (reaction) time
on the mixing process of DENPtNPs nanoparticles with PO4

3� pre-
cursors, and the PtNPs nanoparticles spread in the whole CaP
matrices. The uptake of DENPtNPs nanoparticles in the CaP matri-
ces was also investigated by increasing the PO4

3� concentration
against the constant DEN concentration, and the 1:1 mol ratio of
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PO4
3� precursor:NH2 group of DEN was the effective optimum mole

ratio. When the content of reducing agent to Pt precursor was
varied, the homogeneity of DENPtNPs solutions were maintained
at higher NaBH4 content, but the PtNPs nanoparticles prepared
at lower content of reduced agent were dispersed well in
CaP-DENPtNPs composites, indicating the effective 1:1 mol ratio
of NaBH4:Na2PtCl6�6H2O. The CaP-DENPtNPs composites, which
were prepared following the optimum conditions described above,
were utilized hereafter.

On the synthesis of CaP-DENPtNPs composites, the pH adjust-
ment of the composite solution after adding each CaP precursor
is of high importance, since it will lead to different outcomes in
terms of the loading of DENPtNPs, the distribution of PtNPs, the
largeness of surface area, and the variation of crystallinity. In order
to reach the desired destination, the pH is the key factor, since the
DEN belongs to a polyprotic molecule, where the pK of peripheral
primary amines (pK1 = 9.2) are more alkaline than the pK of inter-
nal tertiary amines (pK2 = 6.65) [34]. Thus, DEN is almost neutral in
an aqueous solution at pH 12, neutral in its interior and protonated
in its periphery at pH 8, and protonated in almost all amino groups
at pH 4. Then, CaP particles and CaP-DENPtNP composites were
prepared at these pH conditions.

As seen in Fig. 1(a), transmission electron microscopic (TEM)
images of CaPs at pH 12 and 8 exhibited particles with different
aspect ratio, which was larger at pH 8 than at pH 12. For the case
Fig. 1. TEM images of (a) CaP particles and (b)
of CaP at pH 4, the particles with various shapes and sizes coex-
isted and the large particles were in sub-micrometer to microme-
ter sizes. The morphologies of CaP-DENPtNP composites are also
compared in Fig. 1(b). CaP matrices at pH 12 and 8 still maintained
similar size and shape to those without DENPtNPs. However, the
CaP matrices at pH 4 varied to the infinite structure owing to the
abundant uptake of DENPtNPs, as shown in Fig. 1(b): The uptake
of DENPtNPs nanoparticles occurred at every CaP matrices and
increased in number with decreasing pH. The abundant uptake in
acid environment brought in the infinite morphological structure
of CaP matrices.

The particle size and zeta potential were evaluated from
dynamic light scattering (DLS) and laser Doppler electrophoresis
(LDE) measurements, respectively. It was confirmed from Table 1
that sizes of both CaP particles and CaP-DENPtNPs composites
increased as the pH decreased. Especially, in acidic condition,
two or three kinds of particles with different sizes coexisted. These
tendencies in particle size supported TEM results in Fig. 1 regard-
ing the effect of pH on size, but particle sizes from DLS seemed to
be larger than those obtained from TEM. This indicates that the
aggregation of both CaP particles and CaP-DENPtNPs composites
proceeds with decreasing pH.

It has been reported that CaP materials (particularly HAp) dis-
play negative zeta potentials [35,36]. The result in the present
study (Table 1) was in accordance with those reports, supported
CaP-DENPtNPs composites at different pH.



Table 1
Size and zeta potential of CaP particles and CaP-DENPtNPs composites at different pH.

Sample pH 12 pH 8 pH 4

Particle 1 Particle 2 Particle 3

Size (nm)
CaP 58.9 ± 1.8 513 ± 31 – 370 ± 43 >7 lm
CaP-DENPtNPs 65.9 ± 2.2 573 ± 31 121 ± 10 505 ± 93 >7 lm

Zeta Potential (mV)
CaP �2.85 ± 0.05 �1.75 ± 0.25 �0.85 ± 0.05
CaP-DENPtNPs �0.15 ± 0.05 1.65 ± 0.05 �0.85 ± 0.15
variation 2.70 ± 0.05 3.40 ± 0.15 0.00 ± 0.10

Fig. 2. FTIR absorption spectra of (A) CaP particles and (B) CaP-DENPtNPs
composites at different pH.
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by a notion that PO4
3� ions prefer to be located on the periphery of

HAp [37]. Table 1 signified that the zeta potential of CaPs
approached to zero as the pH was lowered, because PO4

3� was pro-
tonated with decreasing pH. After the DENPtNPs was loaded, CaPs
at pH 12 and 8 diminished the negative character, and the variation
was smaller at pH 12 than at pH 8. This may be due to the surface
charge of DEN, that is, the positive charge density of DEN is smaller
at pH 12 than at pH 8, because the pK value of the peripheral pri-
mary amines of DEN is 9.2 [34], suggesting that large amounts of
DENPtNPs were adsorbed on the surface of CaP at pH 8. On the
other hand, no variation of zeta potential was observed at acidic
pH, although TEM showed a huge incorporation of DENPtNPs to
CaP particles. This result suggests the encapsulation of DENPtNPs
inside the CaP matrix, and consequently, the surface charge was
not affected.

The identification of functional groups in CaP and CaP-DEN-
PtNPs was performed by Fourier transform infrared (FTIR) absorp-
tion analysis. As seen in Fig. 2(A) and Table S1, the FTIR spectrum of
CaP at pH 4 was different from those at CaPs at pH 12 and 8 regard-
ing positions and intensities of the IR bands. Actually, due to the
protonation at acidic pH, PO4 stretching vibration bands were
blue-shifted, PO4 bending vibration bands were red-shifted and
relative intensities of these bands were varied.

Fig. 2(B) and Table S1 showed that IR absorption spectra of
CaP-DENPtNPs composites maintained IR bands of CaPs in
Fig. 2(A). The principal difference in the IR spectra of the compos-
ites against CaP particles came from the presence of DEN, as
proved by amide I (1630 cm�1) and II (1540 cm�1) vibration
modes [38]. The intensity of these bands slightly increased with
decreasing pH from 12 to 8, but drastically strengthened at acidic
pH. Furthermore, the CaP-DENPtNPs composites also exhibited
new characteristic bands at 1370 and 1320 cm�1. These bands,
which were assigned to the CH2 bending vibration modes in
the backbone of DEN, had relatively high intensity at pH 4. These
results indicate that larger amounts of dendrimers are incorpo-
rated into CaP at acidic pH than at higher pH, which is consistent
with the observations by TEM.

Elemental analysis was performed by energy dispersive X-ray
(EDX) analysis. EDX results in Fig. S6 displayed P and Ca peaks at
2.0 and 3.7 keV, respectively, and the intensity ratio between them
changed depending on pH. Quantitative results (Table 2) showed
that CaP particles retained the ideal Ca/P mole ratio of HAp at pH
12 and 8, but this ratio severely dropped down to 1.20 at pH 4,
pointing out that CaP acquires a HAp structure at high pH but its
crystallinity becomes rather different at acidic pH. Incidentally
the HAp (Ca5(PO4)3(OH)) particles are characterized by a calculated
Ca/P mole ratio of 1.67 [31].

The EDX results of CaP-DENPtNPs composites in Fig. S6 and
Table 2 indicated a tendency comparable to those of CaP particles
in absence of DENPtNPs. That is, the composites at pH 12 and 8
retained the ideal Ca/P mole ratio of HAp, but this ratio signifi-
cantly decreased at pH 4. It should be remarked that the value
(1.04 ± 0.10) was somewhat lower than that of CaP at pH 4, mean-
ing that the crystal structure transition of CaP at acidic pH was pro-
moted by the presence of DENPtNPs.

It was noticeable from the TGA profiles in Fig. 3 that CaP and
CaP-DENPtNPs, obtained at pH 4, decreased greatly their weight
at temperatures between 400 and 500 �C. This behavior was differ-
ent from those of CaP and CaP-DENPtNPs obtained at pH 12 and 8,
which gradually lost the weight till 700 �C and suggested us a dif-
ference in crystallinity of CaP depending on pH. The finding of a
crystalline transition induced between pH 4 and 8 was consistent
with the results from FTIR and EDX.



Table 2
Elemental analyses of CaP particles and CaP-DENPtNPs composites at different pH
from EDX results.

Content (atom%)

pH 12 pH 8 pH 4

CaP
Ca 37.5 ± 0.7 38.1 ± 0.7 45.5 ± 1.0
P 62.5 ± 0.7 61.9 ± 0.7 54.5 ± 1.0
Ca/P 1.67 ± 0.05 1.62 ± 0.05 1.20 ± 0.05

CaP-DENPtNPs
Ca 60.3 ± 2.6 59.4 ± 0.2 48.4 ± 4.6
P 36.0 ± 0.4 36.2 ± 2.2 46.6 ± 0.3
Ca/P 1.68 ± 0.06 1.65 ± 0.11 1.04 ± 0.10

Fig. 3. TGA results of CaP particles and CaP-DENPtNPs composites at different pH.
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Based on thermogravimetric analysis (TGA) results in Fig. 3, the
content of DEN in CaP-DENPtNPs composites at each pH was quan-
titatively calculated from the weight difference (wDEN) at 700 �C
between CaP-DENPtNPs composites and CaP particles, as listed in
Table 3. Then, the contents (wPt, wCaP) of PtNP and CaP in compos-
ites can be evaluated from the following relations and procedures:

wDEN ¼ 0:11wPt ð1Þ
wCaP þwDEN þwPt þwH2O=OH ¼ 1 ð2Þ

where wH2O=OH is the content of H2O/OH. Eq. (1) was obtained from a
TGA result (Fig. 3) of the DENPtNPs nanoparticles, which indicated 2
steps of weight loss, namely the evaporation of adsorbed water
from 30 to 120 �C and the decomposition of DEN from 120 to
600 �C. This result revealed that the DEN content was 9.60 wt%
and the remaining substance (PtNPs) was 87.25 wt%. Hence, the
mass ratio of DEN to Pt can be obtained as 0.11:1. Then, the mass
value of CaP in CaP-DENPtNPs could be calculated using the
observed mass of wCaP + wPt (see Fig. 3), and wH2O=OH was from
Eq. (2). Thus, the mass percentages of every component in the
CaP-DENPtNPs composites were obtained at different pH as listed
in Table 3. The results showed that the content of PtNPs (and
Table 3
Component analyses in CaP-DENPtNPs composites at different pH from TGA results.

Component Content (wt%)

pH 12 pH 8 pH 4

HAp 81.0 ± 0.05 74.3 ± 0.4 28.2 ± 0.8
DEN 1.67 ± 0.09 1.91 ± 0.43 6.63 ± 1.03
Pt 15.2 ± 0.04 17.4 ± 0.2 60.2 ± 0.5
H2O & OH 2.18 ± 0.01 6.44 ± 0.51 4.97 ± 0.88
DENPtNPs) in CaP matrices increased slightly with decreasing pH
from 12 to 8 and became remarkably high at acidic pH, which are
evidently supported by the TEM results.
3.2. Structures of CaPs in composites

Since the results described above demonstrated that powders of
CaP and CaP-DENPtNPs were pH-dependent on their crystallo-
graphic structure, wide-angle X-ray diffraction (XRD) analysis was
performed. The XRD peaks of CaPs at pH 12 and 8 were exactly con-
sistent with the theoretical Bragg peaks of HAp crystal (see
Fig. 4(A)). However, the observed XRD of the acidic sample at pH
4 displayed a completely different combination of Bragg peaks,
which were assigned to a crystal of monetite (CaHPO4, in majority)
and brushite (CaHPO4�(H2O)2, in minority). In order to verify the
transition that occurred at 400–500 �C for a sample at pH 4 (see
Fig. 3), the samples heated up to 1000 �C in TGA were then analyzed
by XRD. The results in Fig. 4(B) showed that as for the sample at pH
12, even after heating there was no significant change or modifica-
tion on its HAp crystalline structure, while for pH 8, tricalcium
phosphate (Ca3(PO4)2) crystal appeared as the side product and
the sample at pH 4 consisted of calcium pyrophosphate (b-Ca2P2O7)
with a side product (Ca3(PO4)2). This thermal transition of crystal
follows the reaction proposed in a literature [39];

2CaHPO4 ! b-Ca2P2O7 þH2O

suggesting that monetite can dehydrate to calcium pyrophosphate
at temperature up to 520 �C.

From XRD results of CaP-DENPtNPs composites (Fig. 4(C)), it is
apparent that the crystallinity of CaPs at pH 12 and 8 was pre-
served even after the uptake of DENPtNPs. On the other hand,
the peaks corresponding to monetite were still present in the com-
posite at pH 4, but the peaks of brushite were diminished. The var-
iation of crystallinity, as observed by XRD, can be compared to the
Ca/P ratios obtained from EDX. The Ca/P ratio (1.20) of CaP at pH 4
was higher than the calculated value of monetite (CaHPO4,
Ca/P = 1.0) due to contamination of brushite, while the Ca/P ratio
(1.04) of CaP-DENPtNPs at pH 4 was consistent, within experimen-
tal error, with the value of monetite.

The noteworthy difference of CaP-DENPtNPs from CaP on XRD
results was the existence of crystal PtNP, namely, the appearance
of broad Bragg peaks at around 39�, 46� and 67� of (111), (200)
and (220) planes, respectively. These peaks were more intense at
pH 4 than at pH 12 and 8, due to the incorporation of larger
amount of PtNPs at pH 4, in consistency with TEM and TGA results.

Fig. 5 presents small-angle X-ray scattering (SAXS) patterns of
CaP-DENPtNPs composites at different pH. For the composites at
pH 12, an almost imperceptible peak appeared. However, at pH
8, an intensified broad (100) peak emerged at a 2h value centered
around 2.41�, corresponding to the d-spacing, dSAXS, value of
3.66 nm. It was further strengthened at pH 4, taking place at a 2h
value of approximately 2.33�, which corresponded to the dSAXS

value of 3.79 nm. Such broad peaks might originate from the aver-
age correlation distance (center-to-center distance) between
neighbor DENPtNPs nanoparticles. It might be noted that the broad
peaks in SAXS were not sharp enough to be associated with highly
ordered crystals. However, the higher intensity may also indicate
that ordered domains of nanoparticles are formed as pH decreases.
This is relative to TEM results showing the large uptake of DEN-
PtNPs nanoparticles in the acidic pH (Fig. 1(b)). In addition, it
was discernible from Fig. 1(b) (see round marks) that the arrange-
ment of such nanoparticles in small domain was hexagonal. There-
fore, the dSAXS values can be used to calculate the center-to-center
distances (ao = (2/

p
3)dSAXS) of 4.23 nm for pH 8 and 4.38 nm for pH

4 based on the geometrical definition (Fig. 6(A)). These results



Fig. 4. XRD results of (A) CaP particles, (B) burned CaP particles and (C) CaP-DENPtNPs composites at different pH.
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Fig. 5. SAXS results of CaP-DENPtNPs composites at different pH.

Fig. 7. Adsorption/desorption N2 isotherms for CaP-DENPtNPs composites at
different pH.
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were also consistent with TEM analysis, where ao was
4.20 ± 0.31 nm for pH 8 and 4.31 ± 0.62 nm for pH 4 (Table 4).

The textural qualities of DENPtNPs nanoparticles in CaP matri-
ces at three pH values were investigated through nitrogen sorption
isotherms, and the results are shown in Fig. 7. The nitrogen
adsorption and desorption isotherms of CaP-DENPtNPs composite
Fig. 6. Illustrations of (A) a geometry of hexagonal array and (B) th

Table 4
Numerical values obtained from BET, BJH, SAXS, and TEM analyses for CaP-DENPtNPs com

CaP-DEN(PtNP)s SBET Vp DBJH

(m2/g) (cm3/g) (nm)

pH 12 105 0.69 3.06
pH 8 83.4 0.84 3.06
pH 4 62.2 0.45 3.60
powders corresponded to a type IV physisorption isotherm cycle
for mesoporous materials according to the BDDT (Brunauer–
Deming–Deming–Teller) system [40] with well-defined steps from
P/Po = 0.85–0.95 for a sample at pH 12, from P/Po = 0.85–0.97 for
e possible model of CaP-DENPtNPs composites at different pH.

posites at different pH.

dSAXS ao, SAXS ao, TEM DPt, TEM

(nm) (nm) (nm) (nm)

– – – 2.75 ± 0.94
3.66 4.23 4.20 ± 0.31 2.69 ± 0.62
3.79 4.38 4.31 ± 0.62 2.62 ± 0.62
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pH 8, and from P/Po = 0.94–0.97 for pH 4. Due to those characteris-
tics and the large hysteresis loop extending from relatively low
pressures, it can be noted that the composites possess a mesostruc-
tural nature. Besides, Fig. 7 also indicated the existence of a weak
adsorbate (N2)-adsorbent (composite) interaction from the hardly
visible rounded-knee line shape during the initial relative pressure.
Consequently, it can be suggested that micropores (<2 nm) are
scarcely present in the composites materials.

Moreover, according to the International Union of Pure and
Applied Chemistry (IUPAC) classification [40], those isotherms also
displayed particular types (H1–H4) of a hysteresis loop. The hys-
teresis behavior from composites at pH 12 and 8 could be assigned
to type H1, consistent with TEM observations that the CaP particles
were approximately uniform and possessed a low aspect ratio like
spheres and bear cylindrical pores. However, the composite at pH 8
produced a type H3 hysteresis loop, since the CaP matrices at pH 8
also took a platelet-like structure with a high aspect ratio, giving
rise to slit-shaped pores besides cylindrical ones. The composite
at pH 4 exhibited the plate-like structure and, therefore, belonged
to type H4, featuring narrow slit-like pores. Overall, the specific
surface areas (SBET) were lowered from 105 m2/g at pH 12 to 62
m2/g at pH 4, as listed in Table 4. This comes from the difference
of the degree of CaP crystallinity, as known from the variation of
Bragg peaks in XRD depending on pH (see Fig. 5). The low degree
of crystallinity at alkaline pH indicates the coexistence of micro-
crystal domains, giving rise to the large surface area [41].

The pore sizes, DBJH, of CaP-DENPtNPs composites listed in
Table 4 were common at three pH, indicating the existence of mes-
opores (2–50 nm). The obtained DBJH values are rather close to the
diameter of DENPtNPs nanoparticles and larger than the diameters
of PtNPs observed by TEM. Moreover, DBJH values are smaller than
the center-to-center distances (ao) from SAXS and TEM analyses.
These parameters are related to the DENPtNPs nanoparticles and
their arrangement in the composites.

Supposing that CaP itself also has irregular macroporous
(>50 nm) structures besides mesopores, the pore volume (Vp)
should vary, depending on type and number of the pores. The Vp

value depends on the void volume inside composites, where the
adsorbate (N2 gas) fills. The irregular tendency in Vp values
depending on pH (see Table 4) may be induced by the competition
of variables with opposite effects. Macropores are majority at alka-
line pH but they decreases with decreasing pH, relating to the
decrease of surface area. Meanwhile, mesopores increase with
the encapsulation of DENPtNPs inside the CaP, that is, with
decreasing pH. The variation of whole pore volume results from
the competition between the opposite effects of the variation of
macro- and mesopores.

Various analyses were carried out regarding the fabrication of
CaP-DENPtNPs, especially their morphology and the location of
DENPtNPs in CaP matrices at different pH as described above.
Fig. 6(B) is a schematic representation based on the analytical
results. CaP matrices in composites increased their size but
decreased their surface area and surface charge with decreasing
pH, although the pore volume was the maximum at pH 8. The
incorporation of DENPtNPs increased with decreasing pH, but DEN-
PtNPs mainly adsorbed on the periphery of CaP matrices at alkaline
environment, where the negative surface charges of CaP matrices
were compensated by the positive charges on the exterior of basic
DENPtNPs. The incorporation of DENPtNPs took place inside CaP
matrices in an acidic pH, resulting in the unchanged surface charge
of CaP matrices. The abundant coating by DEN over the surface of
CaP nanoparticles at alkaline pH and the decreasing coating thick-
ness with decreasing pH have been reported already [31]. These
previous results are of a great support for the current finding that
the DENPtNPs are distributed on periphery of CaP matrices at high
pH.
3.3. Formation mechanism of CaP-DENPtNPs composites

Regarding the formation mechanism of CaP-DENPtNPs
composites, for the case of pH 12 (pK1 < pH), the less protonation
of primary NH2 groups in DEN causes the less binding with PO4

3�

precursor, resulting in the least uptake of DENPtNPs nanoparticles
inside CaP matrices. However, DEN can adsorb on the external
surface of CaP matrices, probably by hydrogen bonding. When
the pH was adjusted to 8 (pK2 < pH < pK1), protonated primary
NH2 groups bind with PO4

3� precursor ions through the electro-
static interaction, inducing the uptake of DENPtNPs nanoparticles
into CaP matrices. The CaP-DENPtNPs at pH 4 (pH < pK2) can incor-
porate a large number of DENPtNPs nanoparticles inside CaP, since
the protonated tertiary and primary amines are abundantly able to
bind with PO4

3� ions.
The aforementioned analyses confirmed that the CaP matrices

are apparently affected by the reaction pH. In order to understand
the formation of CaP crystals as the 3D-structured matrix at differ-
ent pH, it is essential to take account of the chemical reaction
based on the fundamental stepwise dissociation of phosphoric acid
(H3PO4) [42]. The reaction at the alkaline and neutral conditions is
likely as follows:

6ðNH4Þ2HPO4 þ 10CaðNO3Þ2 þ 8NH4OH

! Ca10ðPO4Þ6ðOHÞ2 þ 20NH4NO3 þ 6H2O

Ca10ðPO4Þ6ðOHÞ2!
D

Ca10ðPO4Þ6ðOHÞ2
HPO4

2� ions in a (NH4)2HPO4 solution are turned into PO4
3� ions,

since an NH4OH solution is added to adjust the pH. The resultant
PO4

3� ions combine with Ca2+ ions in an added Ca(NO3)2 solution
to create stoichiometric HAp (Ca10(PO4)6(OH)2) precursors with
the by-product of ammonium salts. Then, the HAp keeps its molec-
ular structure even after the hydrothermal treatment.

On the other hand, the possible reaction at acidic environment
is

2ðNH4Þ2HPO4 þ CaðNO3Þ2 þ 2HCl! CaðH2PO4Þ2 þ 2NH4NO3

þ 2NH4Cl

CaðH2PO4Þ2!
D

CaHPO4 þH3PO4

CaðH2PO4Þ2 þ 2H2O!D CaHPO4ðH2OÞ2 þH3PO4

H2PO4
� ions are formed from HPO4

2� ions in a (NH4)2HPO4

solution, since an HCl solution is added to adjust the pH. When
the Ca(NO3)2 solution is added, Ca2+ ions bind with H2PO4

� ions
to be monocalcium phosphate anhydrous (Ca(H2PO4)2) with by-
products of ammonium salts. When the hydrothermal treatment
is performed, 2 types of products are produced, namely, monetite
(CaHPO4) and brushite (CaHPO4(H2O)2). The CaHPO4 predominates
in the product (Fig. 4), since it is easier for Ca(H2PO4)2 to be
crystallized into CaHPO4 than to undergo a hydration into
CaHPO4(H2O)2 during the hydrothermal procedure at high temper-
ature and pressure.

4. Conclusions

CaP-DENPtNPs composite particles were obtained through the
successive mixing of DENPtNPs nanoparticles with PO4

3� and Ca2+

precursors of CaP, followed by aging at 150 �C for 15 h. The pH
played a key role both on the distribution of DENPtNPs nanoparti-
cles and the morphological/crystal structures of CaP matrices. The
lowering in pH improved the incorporation of DENPtNPs into CaP
matrices and brought on the variation of the size of the matrices
as well as their crystalline structure from HAp to monetite. Such
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pH lowering also promoted the formation of ordered domains of
DENPtNPs nanoparticles in composites. Moreover, the specific sur-
face area decreased together with decreasing pH because of the
increasing crystallinity of CaP, while the pore volume in the com-
posite was highest at pH 8, since it was influenced competitively
by the variation of contribution of meso- and micropores. The par-
ticle charge (zeta potential) of the composites was also affected by
the pH, resulting in the maximum value at pH 8, because it
depends on the surface charge of CaP matrices and the adsorption
of DENPtNPs on the surface of CaP matrices. Ultimately, it can be
concluded that CaP-DENPtNPs are mesoporous nanocomposites,
where DENPtNPs nanoparticles are distributed on the surface
and/or the interior of CaP matrices. The limited amount of supply
as well as high cost is still a challengeable subject on the catalytic
usage of Pt that is required on its efficient applications. The high
loading (60%) of Pt on calcium phosphate will satisfy this demand.
Moreover the manipulation of Pt materials with nanoscaled size
can contribute to increase the catalytic efficiency of Pt and to
achieve the necessary cost reduction. Pt is particularly focused on
the catalytic and electrocatalytic reactions such as methanol oxida-
tion [43], and oxygen reduction [44] in applications to automotive
converters [45], sensors [33], and fuel cells [46].

Acknowledgements

This work was financially supported by the National Taiwan
University of Science and Technology, Taiwan, under a Grant
100H451201. Y.F. gratefully acknowledges the National Taiwan
University of Science and Technology, Taiwan, for the scholarship
of a master degree. We give thanks to Prof. Conxita Solans, IQAC-
CSIC, and Prof. Masaki Ujihara, Taiwan Tec., for their kind
discussion.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.micromeso.
2014.07.003.

References

[1] E. Boysen, http://www.understandingnano.com/ (accessed January 14, 2012).
[2] C. Ostiguy, B. Roberge, C. Woods, B. Soucy, IRSST – Communications Division:

Montréal, 2010.
[3] C. Buzea, I.I.P. Blandino, K. Robbie, Biointerphases 2 (2007) MR17–MR172.
[4] T. Traykova, M.P. Ginebra, J.A. Planell, J. Controlled Release 113 (2006)

102–110.
[5] M.-P. Ginebra, T. Traykova, J.A. Planell, Biomaterials 27 (2006) 2171–2177.
[6] G.E. Poinern, R.K. Brundavanam, N. Mondinos, J. Zhong-Tao, Ultrason.

Sonochem. 16 (2009) 469–474.
[7] R.Z. LeGeros, Clin. Mater. 14 (1993) 65–88.
[8] M. Taniguchi, H. Takeyama, I. Mizuno, N. Shinagawa, J. Yura, N. Yoshikawa, H.

Aoki, Jpn. J. Artif. Organs 20 (1991) 460–464.
[9] S.I. Stupp, G.W. Ciegler, J. Biomed. Mater. Res. 26 (1992) 169–183.

[10] C. Mochales, H.E. Briak-BenAbdeslam, M.P. Ginebra, T. Alain, J.A. Planell, P.
Boudeville, Biomaterials 25 (2004) 1151–1158.

[11] E.M. Rivera, M. Araiza, W. Brostow, V.M. Castano, J.R. Diaz-Estrada, Mater. Lett.
41 (1999) 128–134.

[12] T.A. Kuriakose, S.N. Kalkura, M. Palanichamy, D. Arivuoli, K. Dierks, G. Bocelli,
C. Betzel, J. Cryst. Growth 263 (2004) 517–523.

[13] R.A. Young, D.W. Holcomb, Calcif. Tissue Int. 34 (1982) S17.
[14] L. Bernard, M. Freche, J.L. Lacout, B. Biscans, Powder Technol. 103 (1999) 19–25.
[15] H.S. Liu, T.S. Chin, L.S. Lai, S.Y. Chiu, K.H. Chung, C.S. Chang, M.T. Lui, Ceram. Int.

23 (1997) 19–25.
[16] M.S. Tung, T.J. O’Farrell, A 110 (1996) 191–198.
[17] Y.X. Pang, X. Bao, J. Eur. Ceram. Soc. 23 (2003) 1697–1704.
[18] H.J. Zhou, J.B. Lee, Acta Biomater. 7 (2011) 2769–2781.
[19] H.J. Zhou, Y.B. Mao, S.S. Wong, Chem. Mater. 19 (2007) 5238–5249.
[20] Y.B. Mao, T.J. Park, F. Zhang, H.J. Zhou, S.S. Wong, Small 3 (2007) 1122–1139.
[21] L.Y. Wang, Y.D. Li, Nano Lett. 6 (2006) 1645–1649.
[22] J.H. Liang, Q. Peng, X. Wang, X. Zheng, R.J. Wang, X.P. Qiu, C.W. Nan, Y.D. Li,

Inorg. Chem. 44 (2005) 9405–9415.
[23] Y.B. Mao, S.S. Wong, J. Am. Chem. Soc. 128 (2006) 8217–8226.
[24] R.Q. Song, A.W. Xu, S.H. Yu, J. Am. Chem. Soc. 129 (2007) 4152–4153.
[25] M.R. Rogel, Q. Hong-Jin, G.A. Ameer, J. Mater. Chem. 18 (2008) 4233–4241.
[26] A.J.W. Johnson, A. Herschler, Acta Biomater. 7 (2011) 16–30.
[27] J. Khopade, S. Khopade, N.K. Jain, Int. J. Pharm. 241 (2002) 145–154.
[28] F. Zhang, Z.H. Zhou, S.P. Yang, L.H. Mao, H.M. Chen, X.B. Yu, Mater. Lett. 59

(2005) 1422–1425.
[29] S.J. Yan, Z.H. Zhou, F. Zhang, S.P. Yang, L.Z. Wang, X.B. Yu, Mater. Chem. Phys.

99 (2006) 164–169.
[30] Z.H. Zhou, P.L. Zhou, S.P. Yang, X.B. Yu, L.Z. Yang, Mater. Res. Bull. 42 (2007)

1611–1618.
[31] N. Pramanik, T. Imae, Langmuir 28 (2012) 14018–14027.
[32] A. Siriviriyanun, T. Imae, Phys. Chem. Chem. Phys. 14 (2012) 10622–10630.
[33] A. Siriviriyanun, T. Imae, Phys. Chem. Chem. Phys. 15 (2013) 4921–4929.
[34] D. Leisner, T. Imae, J. Phys. Chem. B 107 (2003) 13158–13167.
[35] M.A. Lopez, F.J. Monteiro, J.D. Santos, A.P. Serro, B. Saramago, J. Biomed. Mater.

Res. 45 (1999) 370–375.
[36] C.M. Bothelo, M.A. Lopes, I.R. Gibson, S.M. Best, J.D. Santos, J. Mater. Sci. –

Mater. Med. 13 (2002) 1123–1127.
[37] W.V. Raemdonck, P. Ducheyne, P.D. Meester, J. Am. Ceram. Soc. 63 (381–384)

(1984) 143–146.
[38] M. Ito, T. Imae, K. Aoi, K. Tsutsumiuchi, H. Noda, M. Okada, Langmuir 18 (2002)

9757–9764.
[39] J.L. Niu, Z.X. Zhang, D.Z. Jiang, J. Mater. Synth. Process. 9 (2002) 235–240.
[40] K.S.W. Sing, D.H. Everett, R.A.W. Haul, L. Moscou, R.A. Pierotti, J. Rouquerol, T.

Siemieniewska, Pure Appl. Chem. 57 (1985) 603–619.
[41] S. Higashi, Appl. Clay Sci. 16 (2000) 171–184.
[42] M.J. Sienko, R.A. Plane, Chemistry: Principles and Properties, McGrrtw-Hill

Book Co., New York, 1996. P. 512.
[43] S. Sriramulu, T.D. Jarvi, E.M. Stuve, Electrochim. Acta 44 (1998) 1127–1134.
[44] M. Inaba, M. Ando, A. Hatanaka, A. Nomoto, K. Matsuzawa, A. Tasaka, T.

Kinumoto, Y. Iriyama, Z. Ogumi, Electrochim. Acta 52 (2006) 1632–1638.
[45] R.M. Heck, R.J. Farrauto, Appl. Catal. A 221 (2001) 443–457.
[46] L. Liu, R. Viswanathan, L. Ren-Xuan, E.S. Smotkin, Electrochem. Solid-State Lett.

1 (1998) 123–125.

http://dx.doi.org/10.1016/j.micromeso.2014.07.003
http://dx.doi.org/10.1016/j.micromeso.2014.07.003
http://www.understandingnano.com/
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0015
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0020
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0020
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0025
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0030
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0030
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0035
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0040
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0040
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0045
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0050
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0050
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0055
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0055
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0060
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0060
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0065
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0070
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0075
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0075
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0080
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0085
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0090
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0095
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0100
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0105
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0110
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0110
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0115
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0120
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0125
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0130
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0135
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0140
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0140
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0145
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0145
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0150
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0150
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0155
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0160
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0165
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0170
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0175
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0175
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0180
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0180
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0185
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0185
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0190
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0190
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0195
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0200
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0200
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0205
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0210
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0210
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0210
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0215
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0220
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0220
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0225
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0230
http://refhub.elsevier.com/S1387-1811(14)00353-9/h0230

	pH-dependent loading of Pt nanoparticles protected by dendrimer in calcium phosphate matrices
	1 Introduction
	2 Experimental section
	2.1 Materials
	2.2 Synthesis of CaP-DENPtNPs composites
	2.3 Equipments

	3 Results and discussion
	3.1 Effect of pH on Fabrication of CaP-DENPtNPs composites
	3.2 Structures of CaPs in composites
	3.3 Formation mechanism of CaP-DENPtNPs composites

	4 Conclusions
	Acknowledgements
	Appendix A Supplementary data
	References


