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Colloidal spheres are frequently studied in materials science,
chemistry, and biology[1] because their intrinsic properties can
be tuned by changing parameters such as diameter, chemical
composition, bulk structure, and crystallinity. To date, colloi-
dal spheres have been widely used as fundamental building
blocks in the fabrication of materials such as photonic
bandgap (PBG) crystals (or photonic crystals),[2] two-dimen-
sional crystalline arrays for masks in lithography, and three-
dimensional macroporous materials.[3] The most-studied and
best-established examples of such colloidal materials are
silica and polymer colloids. Monodisperse silica colloids were
first prepared by St�ber et al. in 1968 with a tetraethylortho-
silicate (TEOS) hydrolyzing method;[4a] polymer colloidal
spheres such as polystyrene (PS) and poly(methylmeth-
acrylate) (PMMA) have been produced by emulsion poly-
merization.[5] During the past ten years, the scope of colloidal
materials has been extensively broadened as the numbers of
strategies for various semiconductor and metal colloidal
spheres has increased. For example, semiconductor colloidal
spheres with mesoscale dimensions (ZnS, CdS, a-Se, Ag2Se,
CdSe, and ZnO) have been successfully synthesized, although
they tend to grow anisotropically into nonspherical struc-
tures.[6] Spherelike structures of Bi, Pb, In, Sn, Cd, and their
alloys with melting points below 400 8C could also be
conveniently prepared by using the bottom-up approach.[7]

Our research group has studied colloidal spheres such as
ZnSe hollow microspheres,[8] colloidal carbon spheres,[9]

single-crystal Bi nanospheres,[10] magnetic single-crystal fer-
rite microspheres (Fe3O4 , MnFe2O4 , ZnFe2O4 , and
CoFe2O4)

[11] and CeO2–ZrO2 nanocages.[12] We have devel-
oped a general emulsion-based bottom-up route to self-
assemble various kinds of nanocrystals into three-dimensional
colloidal spheres.[13] Since the scientific and technical poten-
tial of colloidal spheres is high, research into the synthesis of
colloidal spheres can be fruitful. Herein, we report a new type
of colloidal spheres: transition-metal phosphate colloidal
spheres (TMPCS). An array of transition-metal (Mn, Fe, Co,
Ni, and Cu) phosphate amorphous colloidal spheres was
successfully synthesized by low-temperature solution-phase
reactions. The colloidal spheres could crystallize upon

annealing without obvious changes in morphology and size.
The facility of the strategy means that the composition of the
products can be well-controlled. Binary, ternary, and multi-
nary composition phosphate colloidal spheres have been
obtained, and the ratio of each component could be easily
tuned. Moreover, iron phosphate hollow colloidal spheres
could be obtained by adjusting the pH value of the system.

In a typical synthesis of copper phosphate colloidal
spheres, the acidity of the phosphate ions resulted in a pH
value of the initial mixed solution of approximately 2.
Subsequent hydrolysis of the urea present in the solution
led to a slow increase in the pH value. The reaction can be
formulated as shown in Equation (1):

COðNH2Þ2 þ 2 Hþ þH2O! 2 NH4
þ þ CO2 ð1Þ

A precipitate formed gradually as the pH value increased
[Eq. (2)].

3 Cu2þ þ 2 PO4
3� ! Cu3ðPO4Þ2 ð2Þ

According to the LaMer diagram,[14] nucleation and
growth processes were controlled by the slow hydrolysis.
Colloidal spheres were then formed and protected by sodium
dodecylsulfate (SDS) as capping ligand.

The scanning electron microscopy (SEM) images shown
in Figure 1a, b reveal that the sample consists of colloidal
spheres with diameters that range from 250 nm to 300 nm.
Owing to the low temperature of the reaction, the colloidal
spheres are amorphous, as confirmed by HRTEM images
(Figure 1d). The dynamic light scattering (DLS) results
(Figure 2a) show that the average hydrodynamic diameters
of the spheres are about (250� 50) nm, which are consistent
with the SEM results. Furthermore, the DLS results demon-
strate that the colloidal spheres are stable and well-dispersed
in solution. Zeta potential measurements (Figure 2b) indicate
that these colloidal spheres have a negative surface charge
(�17.1 mV), which suggests the presence of SDS on the
particle surface. Energy dispersive spectrometry (EDS)
analysis was utilized to determine the chemical composition
of the colloidal spheres. As shown in Figure 2c, the sample is
composed of only phosphorus, copper, gold, silicon, and
oxygen (silicon is from the substrate; gold is coated on the
surface of amorphous colloidal sphere to improve conductiv-
ity in SEM observations). The average atomic ratio of Cu/P is
about 3:2, which is in good agreement with the predicted
chemical formula. In order to further verify the chemical
composition of the sample, the thermogravimetric analysis
(TGA) curve was measured under a nitrogen atmosphere (see
Figure S1a in the Supporting Information) From room
temperature to 500 8C there is a gradual weight loss up to
about 13.7 %, which can be attributed to the loss of chemically
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adsorbed water and hydroxy groups. We preliminarily specu-
lated that the composition of the sample was Cu3-
(PO4)2·xH2O; XRD measurements were carried out to
confirm this conclusion. After annealing at 500 8C for
2 hours (see Figure S1b in the Supporting Information), the
sample decomposed as Cu3(PO4)2 , thus confirming our
hypothesis. The SEM and HRTEM images shown in Fig-
ure 1d,e show no visible change in particle size and morphol-
ogy after annealing at 500 8C. After annealing, the sample
could be redispersed in deionized water by ultrasonication.
When the annealing temperature was further raised to 800 8C,
the sample was converted into copper pyrophosphate and
copper oxide.

The size of the colloidal spheres can be easily controlled
by adjusting the concentration of the precursor. The diame-
ters of the copper phosphate colloidal spheres increased as
the initial CuSO4 concentration increased (Figure 3). A
higher reactant concentration accelerated the growth process

of the colloidal spheres, which resulted in an increased
particle size. The concentration of surfactant did not increase
with CuSO4 concentration, which results in a probability
increase of the collision and fusion of the particles. As a result,
the size distribution became broader. However, the diameters
of the colloidal spheres decreased as the H3PO4 concentration
increased, as the pH value of the system was lowered and the
precipitation process is decelerated.

This approach is powerful and general for the formation
of phosphate colloidal spheres. Other transition-metal phos-
phate colloidal spheres can be easily obtained by changing the
metal precursor. As shown in Figure 4a–d, the SEM images
and DLS results of TMPCSs synthesized with different
precursors demonstrate that manganese phosphate, iron
phosphate, cobalt phosphate, and nickel phosphate colloidal
spheres have similar morphologies but different size distri-
butions (the product of manganese phosphate consists of
colloidal spheres and bulk precipitate; the DLS results show
only the size distribution of colloidal spheres). After anneal-
ing at 500 8C, the phase identification of the as-synthesized
TMPCSs was performed by using XRD (Figure S2 in the
Supporting Information).

As mentioned above, the TMPCSs are amorphous
colloidal spheres. Thus, binary TMPCSs can be simply

Figure 2. a) DLS size-distribution diagram, b) zeta potential measure-
ment, and c) EDS and element composition of the obtained copper
phosphate colloidal spheres.

Figure 3. Size distributions of Cu3(PO4)2·xH2O colloidal spheres
obtained by tuning the initial concentration of CuSO4 in the synthesis:
a) 3.2 mmolL�1, b) 6.4 mmolL�1, c) 9.6 mmolL�1, and
d) 12.8 mmolL�1. Size distributions obtained by tuning the initial
concentration of H3PO4: e) 0.12 mmolL�1, f) 0.24 mmolL�1, and
g) 0.36 mmolL�1. The insets show images of the samples after
sedimentating for 2 days.

Figure 1. a,b) Typical SEM images and c) HRTEM image of the
obtained copper phosphate colloidal spheres. d) A typical SEM image
and e) HRTEM image of the copper phosphate colloidal spheres
obtained after annealing at 500 8C.
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obtained by mixing two different precursors. Generally, the
synthesis of multinary composition particles without lattice
matching is difficult. In our case, lattice matching is not
essential because of the amorphous characteristics of the
products. A series of binary Fe–Cu TMPCSs with different
radios of Fe and Cu are shown in Figure 4e–h. No visible

difference is observed between the SEM images of the binary
and unitary TMPCSs. However, the ratio of each component
in binary TMPCSs can be tuned by changing the ratio of the
metal precursors, as the molar ratio of the obtained colloidal
spheres are approximately equal to the original reactant ratio
according to the EDS analysis shown in Figure 4. The
compositional line profile across a single colloidal sphere
probed by EDS line scanning shown in Figure 4 l, m reveals
that both Fe and Cu were evenly distributed in colloidal
spheres, that is, the as-obtained Fe–Cu binary TMPCS are
homogeneous colloidal spheres. Representative synthesized
multinary TMPCSs are listed in Table 1, and corresponding
TEM images are given in Figure S4–6 in the Supporting
Information.

Ternary, quaternary, and multinary TMPCSs were suc-
cessfully synthesized by using this strategy. The SEM images
of typical multinary TMPCSs (Fe–Co–Ni, Fe–Co–Ni–Cu, and
Mn–Fe–Co–Ni–Cu) are shown in Figure 4 i–k; a table of the
molar ratios of each component is also given in Figure 4. The
type and ratio of the components of TMPCSs can be selected
readily. The total sort number of multinary TMPCSs calcu-
lated by permutation and combination [Eq. (3)] is 57.

X6

i¼2

Cði; 6Þ ¼ Cð2; 6Þ þCð3; 6Þ þ Cð4; 6Þ þ Cð5; 6Þ þ Cð6; 6Þ ¼ 57 ð3Þ

Interestingly, for iron phosphate, hollow colloidal spheres
could be obtained (see TEM images in Figure 5a, b) when the
initial concentration of H3PO4 was increased. In order to
ascertain whether the pH value was the parameter respon-
sible for the formation of hollow structures, sulfuric acid was
added instead of increasing the original concentration of
H3PO4. As the HRTEM images in Figure 5c,d show, hollow
colloidal spheres formed with a higher initial concentration of
sulfuric acid. A possible formation mechanism of these iron
phosphate hollow colloidal spheres is discussed in the
Supporting Information.

In summary, the TMPCSs reported herein are of great
interest as they exhibit a range of structures and variable
compositions, which are rarely observed in existing examples.

Figure 4. Typical SEM images of the obtained TMPCSs: a) manganese
phosphate, b) iron phosphate, c) cobalt phosphate, and d) nickel
phosphate. DLS size-distribution diagrams of each TMPCS are shown
under the corresponding SEM images. SEM images of binary Fe–Cu
TMPCSs tuned by the radio of the initial precursors (CuSO4 and
(NH4)2Fe (SO4)2): e) 1:4, f) 2:3, g) 3:2, and h) 4:1. SEM images of
i) Fe–Co–Ni, j) Fe–Co–Ni–Cu, and k) Mn–Fe–Co–Ni–Cu TMPCSs. The
calculated element radios of each component in obtained multinary
TMPCSs are shown below the corresponding SEM images. l) The dark-
field image of a single Fe–Cu TMPCS (molar ratio of Cu/Fe is 1:1.14);
the gray line is the EDS line scanning route; m) compositional line
profile across the nanostructure probed by EDS line scanning.

Table 1: Multinary TMPCSs.

Number of metals Components Particle size
observed by TEM [nm]

2 Fe–Ni 200–300
Fe–Mn 150–200
Fe–Cu 100–200
Co–Cu 200–250
Mn–Cu 150–200
Mn–Ni 200–350
Ni–Cu 100–200

3 Fe–Mn–Ni 150–200
Fe–Co–Ni 150–200
Fe–Co–Cu 100–150
Fe–Ni–Cu 50–150
Mn–Ni–Cu 200–250

4 Fe–Co–Ni–Cu 50–150
Mn–Fe–Co–Ni 150–200

5 Mn–Fe–Co–Ni–Cu 100–200
6 Mn–Fe–Co–Ni–Cu–Zn 150–200
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Unitary (Mn, Fe, Co, Ni, and Cu) and several multinary (Fe–
Ni, Co–Cu, Fe–Co–Cu, Fe–Co–Ni–Cu, Mn–Fe–Co–Ni–Cu,
Mn–Fe–Co–Ni–Cu–Zn, etc) composition phosphate colloidal
spheres and iron phosphate hollow spheres have been
successfully synthesized by manipulating the initial stoichio-
metric ratios and pH values. Since transition-metal phos-
phates have many special properties because of the spatial
arrangement of d-orbital electrons in transition metals, these
newly developed TMPCSs significantly enrich the pool of
available materials in the field of catalysis and lithium ion
battery electrodes. It is believed that the established synthetic
method could be extended to form other nanostructures that
contain multiple transition-metal components.

Experimental Section
In a typical procedure, urea (6 g) and sodium dodecylsulfate (0.5 g)
were dissolved in deionized water (100 mL). CuSO4 or
MnSO4/(NH4)2Fe(SO4)2/Co(NO3)2/NiSO4 (0.5 mmol) and the precur-
sor H3PO4 (0.5 mmol) were added to the solution. The mixture was
stirred until a homogeneous solution was formed, sealed in a teflon-
lined stainless steel autoclave, and heated to 80 8C for 12 h. The
products were separated by centrifugation at 4500 rpm for 5 min and
redispersed in deionized water.

Two or more transition-metal salts were added into the above
system to form corresponding multiple transition-metal phosphate
colloidal spheres.

In a typical procedure for hollow transition-metal phosphate
colloidal spheres, urea (6 g) and sodium dodecylsulfate (0.5 g) were
mixed in deionized water (100 mL). (NH4)2Fe(SO4)2 (0.5 mmol) and
H3PO4 (2 mmol) were added to the mixed solution. The reaction
temperature and time were the same as above.
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