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Introduction
Recently, in both academic and technological studies, inorganic 

oxides hollow spheres are attracting great attention due to their 
enhanced properties such as hollow cores, large specific surface area 
and low density a long with the distinct functions of oxides. Therefore, 
they present a class of distinct materials that provoke new options in 
the development of diverse potential applications such as protection 
of sensitive components (as enzymes and proteins), catalysis, coatings, 
water treatment, encapsulation of chemicals - for controlled-release 
applications - and adsorption. Moreover, other interesting applications 
may be proposed based on the chemical and physical characteristics 
of the inorganic hollow particles [1-12]. A variety of chemical and 
physicochemical methods such as sol-gel process [13], spray pyrolysis 
methods [14], surface polymerization processes [15], sonochemical 
route [16], colloidal templating methods and template free approaches 
have been used for the fabrication of hollow micro and nanomaterials 
[17,18]. Among the various synthesis methods, sacrificial templating 
approaches are considered as the most efficient and often used method 
for the fabrication of hollow structured micro and nanoparticles. In this 
way the fabrication of hollow particles usually involves the preparation 
of core-shell composite particles. These hybrid particles can be formed 
by precipitation of inorganic precursors of the target oxide hollow 
particles onto the surface of the core particles followed by etching of 
the cores by soaking the core in appropriate solvent in case of inorganic 
templates or thermal treatment in case of organic templates [12].

Various templating agents have been introduced for the fabrication 
of inorganic hollow materials including silica [19], gold [20], calcium 
carbonate [21], silver nanoparticles [22], hematite [23], polystyrene (PS) 
latex [17], polymethylmethacrylate (PMMA) [24], chitosan-polyacrylic 
acid (CS-PAA) [25], and n-propyle amine [26]. Latterly, carbohydrates 
such as glucose and sucrose have been used successfully as sacrificial 
templates for the synthesis of hollow inorganic particles [27-28]. 
Glucose is considered one of the most promising carbohydrates that 
can be used as sacrificial templates for the synthesis of inorganic hollow 
structures as it is one of the most inexpensive and widely available 
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carbohydrates. They have surface functionalities such as -C=O and 
-OH groups facilitating adsorption of the desired materials onto their 
reactive surfaces, as have been reported previously for different hollow 
materials [7,27-29]. 

In previous work, we have demonstrated the fabrication of silica 
hollow nanospheres via a facile one pot hydrothermal strategy by 
applying glucose-derived carbonaceous spheres as sacrificial templates. 
We further demonstrated that the shell size of hollow spheres can be 
varied by the variation of the starting materials [30]. Ta2O5 hollow 
nanospheres have been prepared by using glucose as sacrificial 
templates as well [31]. Further, fructose-derived carbonaceous spheres 
have been applied as sacrificial templates for the fabrication of some 
metal oxides hollow submicrospheres via a hydrothermal approach 
[32].

In this work we report the use of a facile route, hydrothermal 
hydrolysis, to fabricate porous crystalline metal oxides hollow spheres 
using glucose derived-carbonaceous spheres as sacrificial templates 
and metal chlorides as precursors for the metal oxides. In addition, 
the correlations between the particle size and the various synthesis 
conditions such as glucose concentration, the molar concentration 
ratio between the glucose and the metal chloride, temperature, reaction 
time and the addition of catalyst are investigated.

The interest in the use of monosaccharides, as sacrificial templates 
to fabricate the hollow metal oxides, arises from the reactive surface 
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of the glucose-derived carbonaceous materials - with its richness in 
O-functionalities - that facilitate the precipitation of the oxide precursor 
onto their surface layers without any further surface modifications. The 
former mentioned fact is probably the key to success in fabrication of 
the hollow spheres. In addition, the synthesis route is simple and can be 
readily analyzed and manipulated compared with complex multistep 
strategies including many procedures and a variety of chemical 
additives.

Experimental
Materials

D-(+)-Glucose monohydrate (C6H12O6 · H2O), Chromium (III) 
chloride hexahydrate (CrCl3 · 6H2O), cobalt (II) chloride hexahydrate 
(CoCl2 · 6H2O), iron (III) chloride hexahydrate (FeCl3 · 6H2O), zinc(II) 
chloride (ZnCl2) and nickel(II) chloride (NiCl2) were obtained from 
Merck (Darmstadt, Germany). All chemicals were analytical grade and 
employed without further purification. Distilled water (conductivity ~ 
1.7 µS cm-1) was used.

Fabrication of the metal oxide hollow spheres

The major process steps applied in the present work involved 
heating the metal chloride with glucose in closed system results in in-
situ formation of hybrid particle due to the adsorption of the metal 
ions on the surface layers of the glucose-derived carbonaceous spheres. 
Finally, calcination of the hybrid spheres lead to the formation of 
hollow metal oxide.

For the formation of the metal oxide hollow spheres, glucose is 
applied  as the sacrificial template, while metal chlorides [chromium 
(III) chloride hexahydrate (CrCl3 · 6H2O), iron (III) chloride 
hexahydrate (FeCl3 · 6H2O), cobalt(II) chloride hexahydrate (CoCl2 · 
6H2O), nickel(II) chloride (NiCl2),  and zinc(II) chloride (ZnCl2)] are 
the precursors for the desired Cr2O3, α-Fe2O3, Co3O4, NiO and ZnO 
hollow spheres, respectively. 

In a typical synthesis experiment, 1902 mg of glucose was dissolved 
in 100 mL distilled water. The water soluble metal chloride was added 
to satisfy the glucose: metal chloride molar ratio 10:1. The mixture was 
heated in a 100 mL Teflon-lined stainless steel autoclave at 180 ºC for 24 
h. The products were filtered off; washed three times, first with distilled 
water and then ethanol, and finally dried in a vacuum oven at 60 ºC 
for 5 h. After synthesis, the core @ shell composites were calcined in 
air at 500 ºC ( heating rate 2 ºC min-1, 5 h) to remove the carbon core 
eventually leading to the target metal oxide hollow particles. 

Characterization

The resulting hollow metal oxides and their corresponding 
composites were characterized by infrared (IR) spectra using IFS 88 
from Bruker and XRD patterns obtained by using X-ray powder 
diffraction (X’Pert MPD, Pananalytical) operating in Bragg–
Brentano geometry. The diffractometer was equipped with a graphite 
monochromator at the detector side. The sample holder was a single-
crystal silicon plate. The XRD patterns, following Rietveld refinement 
procedures, were performed with the X'Pert software package supplied 
by the Pan Analytical Company.

The surface area was studied by nitrogen- sorption measurements 
performed with use of a Micromeritics ASAP 2020 gas sorptometer. 
The samples were degassed in vacuum at a pressure of 0.4 Pa for at least 
3 h at 200 ºC prior to measurements at 77 K over a range of relative 
pressures from 0.01 to 0.995.  Specific surface areas were calculated 

by assuming Brunauer-Emmet-Teller (BET) conditions. The particles 
morphology was visualized using a JEOL JSM-7500F field emission 
scanning electron microscope at an accelerating voltage of 5 kV. 
Therefore, the ground samples were mounted on an aluminium stub 
covered with a conductive carbon tape. To avoid surface charging 
the samples were coated with an ultra thin layer of platinum coating 
before SEM analyses.  Transmission electron microscopy (TEM) was 
conducted with use of an electron microscope (JEM-3010, JEOL) 
operating at 300 kV. The samples were crushed to a powder and 
mounted by drop-drying of a chloroform suspension onto TEM cupper 
grids before TEM analyses.

Results and Discussion  
The formation of the porous metal oxides hollow 
spheres

Figure 1 illustrates schematically the proposed mechanism of the 
formation of the porous metal oxides hollow spheres. The formation 
of hollow oxides spheres through the hydrothermal hydrolysis method 
involves adsorption of the metal ions dispersed in the solution mixture 
into the hydrophilic surface layers of the glucose-derived carbonaceous 
spheres which are rich in oxygen functionalities such as -OH and 
C=O [28-29]. This results in the in-situ formation of a core @ shell 
composite consisting of glucose-derived carbonaceous spheres with 
the metal ions bound to the oxygen functionalities in the outer shell; 
these are finally densified and cross-linked in a subsequent pyrolytic 
treatment eventually leading to free standing porous hollow metal oxide 
spheres after the removal of the carbonaceous core materials. The as-
obtained hollow metal oxide spheres are replicas of the carbonaceous 
core spheres though about 60-80% smaller in size than the original 
corresponding composite granules. 

The significant shrinkage in size in the course of the thermal 
treatment indicates that the composite with the metal cations bound to 
the carbonaceous spheres (CSs) transformed into a dense network of 
nanocrystalline metal oxide grains composing the shells of the hollow 
spheres. Frequently, the hollow spheres products exhibit a ball in ball 
(bnb) hollow structure which is obtained without any extra step. 

The mechanism of the formation of the bnb structure is still vague 
and a challenge to the material scientists. However, it was postulated 
that some nano-islands of metal oxide nanoparticles in the shell may 
migrate to or be stuck on the surface of the shrinking CSs cores in the 
course of the calcination process at moderate temperature. Additional 
heating at elevated temperature, these nano-islands finally aggregate 
into a small ball in the interior when the CSs cores are wholly burnt 
off [33-34]. 

Figure 2 shows the XRD patterns of the metal oxide hollow spheres 
obtained through the typical experimental procedures after calcination 
at 500 ºC for 5 h. It shows that, the metal oxide hollow spheres consist 
of the well crystalline single phase metal oxide as shown by Rietveld 
refinement of the XRD patterns [35]. The average crystallite size was 
calculated by applying the Scherrer equation using the full width at 
half maximum (FWHM) of the most intense peaks [36]. The mean 
size was determined to be 21, 23, 12, 11, 18 nm for Cr2O3, α-Fe2O3, 
Co3O4, NiO and ZnO, respectively. No crystalline peaks were observed 
before calcination (insets in Figure 2) disclosing that the metal ions are 
evenly adsorbed onto the hydrophilic shell of the carbonaceous cores 
or disseminated in the shell as amorphous cluster after hydrothermal 
treatment.

Figure 3 shows TEM micrographs of the products before 
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Figure 1: Schematic diagram of the fabrication of porous metal oxide hollow spheres by hydrothermal method.

Figure 2: XRD patterns of the as-obtained oxides with Rietveld refinement (the black line is the observed pattern ,the red line is the calculated from the literatures and 
the green line represents the difference plot, the grey marker indicate possible Bragg positions consistent with the space group symmetry of the metal oxide). The 
insets show the XRD patterns of the samples before calcination.
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calcination. They depict hybrid nature of the core @ shell composite of 
Cr2O3, α-Fe2O3 and ZnO samples. We can see that a contrast appears in 
the micrographs between the shell material and the core material. This 
provides support for the assumption of the spatial separation of the 
metal ions rich shell and the carbonaceous cores. 

Comparison between IR spectra before and after calcination at 
500 ºC for 5 h, evidence the removal of the carbonaceous cores and 
the formation of the metal oxide hollow spheres as shown in Figure 
4 for α-Fe2O3

 hollow spheres. The IR spectrum before calcination 
displays a broad peak at 3400 cm-1, which is attributed to be the 
stretching vibration of O-H groups. The peak at ~ 2900 cm-1 arises from 
the stretching vibrations of C-H bonds. The modes at  1701 cm-1 and 
1630 cm-1 can be assigned to C=O and C=C, respectively. The C=C 
double bonds indicate that dehydration has taken place during the 
hydrothermal carbonization of glucose [37-38]. 

After calcination the carbonaceous templates and most peaks 
related to the functionalities, like carboxylic or aromatic groups 
disappeared and the observed peaks are typically related to M-O 
stretching vibrations as shown in Figure 4 which represents the IR 
spectrum of α-Fe2O3

 hollow spheres. The observed bands at 570 and 
480 cm-1 are typical for Fe-O modes of hematite α-Fe2O3 [39].

SEM micrographs in Figure 5 a, b and d, e display the metal oxide 
hollow particles before and after calcination of Cr2O3 and α-Fe2O3 
respectively. SEM micrographs of the products Figure 5 b, e and Figure 
S2 (Supporting Information) evidence the formation of the spherical 
hollow metal oxides particles. The surface of the hollow spheres shows 
that the hollow metal oxides spheres walls are composed of many small 
nanoparticles of the metal oxide. From the broken shell, marked with a 
red arrow, we can notice the hollow porous nature of the metal oxides 
hollow spheres.  

From Figure 5 a, b, d, e and also Figure S2 we can notice that after 
calcination the spheres preserve the three dimensional spherical shape 
of particles after removing of the carbonaceous core. In addition, about 
60-80% shrinkage in size occurs after calcination as can be seen from 
the particle size distribution of the metal oxide hollow spheres and 
their corresponding composites (Figure S3). Apparently, the metal ions 
incorporated in the surface layer of the template densify and cross-link 
in the course of the pyrolysis to form the metal oxide hollow spheres 
replicas of the carbonaceous spheres template with significantly 
reduced size.

TEM micrographs (Figure 5 c, f, g, h, i) of Cr2O3, α-Fe2O3, Co3O4, 
NiO and ZnO, respectively, further confirm clearly the hollow interior 
as indicated by variation of the contrast between the dark shell and the 
pale core. The wall thickness of the porous hollow metal spheres can 
be estimated according to the cross sectional view obtained by TEM 
micrographs to be approximately 80 nm, 40 nm, 20 nm, 30 nm, and 
18 nm for Cr2O3, α-Fe2O3, Co3O4,   NiO and  ZnO  hollow spheres, 
respectively.

In general, SEM and TEM micrographs disclosed the formation 
of uniform hollow metal oxide spheres. Moreover, they reveal the 
formation of a ball in ball (bnb) hollow structure (Figures 5 and S4), 
as well.  The high resolution TEM micrographs of Cr2O3, Co3O4, and 
ZnO porous hollow spheres (Figure S5) show that the size of the small 
nanoparticles composing the wall of the hollow spheres are in good 
agreement with the size calculated by the Scherrer equation for the as-
obtained metal oxide hollow spheres.

The nitrogen adsorption/desorption isotherms were applied 
to study specific surface area of the hollow metal oxides spheres 

(Figure S6). The observed hysteresis loops in the curves of all samples 
demonstrate the presence of mesoporous structures. They are typical 
isotherms characteristic of mesoporous materials according to the 
International Union of Pure and Applied Chemistry (IUPAC) [40]. 
The surface areas of the hollow oxides were 77, 54, 35, 33 and 65 m2g-1 

for Cr2O3, α-Fe2O3, Co3O4, NiO and ZnO hollow spheres, respectively. 
The specific surface area of the hollow metal oxides results from the 
sum of the areas of the outer and interior surface of the hollow spheres 
and the surface of the primary pores. The large surface areas and the 
spherical hollow shape that can be manipulated with respect to size, 
wall thickness and porosity makes this kind of materials interesting for 
various potential applications in several fields.

The impact of the synthesis conditions

Temperature (T), reaction time (t), concentration of glucose, the 
concentration ratio between glucose and metal chloride, and addition 
of acetic acid as catalyst are found to be five significant parameters 
that affect the outcome of the hydrothermal process. To study the 
impact of each synthesis parameter the experimental conditions were 
systematically varied whereby the parameter under investigation was 
varied while the other parameters remained unchanged according to 
the optimized synthesis procedures.

The results show that each parameter of the previously mentioned 
parameters has, to a large degree, a similar impact on the formation of 
the different types of oxides. The similar influence of each parameter 
on the formation of the hollow oxide spheres reported here might open 
the door for an improved understanding of the formation of the hollow 
metal oxide spheres with variable size.

The optimal temperature (T) for the formation of the hollow oxides 
using glucose as sacrificial templates is 180 ºC. When decreasing T to 
170 ºC or raising it to 200 ºC, no significant precipitates were seen at the 
former and no hollow spheres were formed at the latter temperature in 
all oxides under investigation. The optimal time (t) for the formation 
of metal oxide hollow spheres was 24 h. In case of increasing time to 
36 h no hollow materials were observed except for Cr2O3 which formed 
fused hollow particles. While decreasing t to 12 h, the only observed 
hollow spheres were those for Cr2O3 with average size ~210 nm (Figures 
6 a1, a2  and Figures S7 a). 

Increasing glucose concentration from 96 mmolL-1 - the typical 
glucose concentration- to 240 mmolL-1 resulted in the formation of 
fused hollow particles for the oxides under investigation (Figures 6 
b1 and b2; Figures S7 b, c and d). On the other hand, decreasing the 
glucose concentration to 64 mmolL-1 resulted in small hollow spheres 
dispersed in nanoparticles of the metal oxide (Figure S7 e).

Figure 7 illustrates the impact of adding 0.5 mL of acetic acid to the 
reaction mixture solution. It is obvious that acetic acid catalyzes the 
reaction and increases the rate of the hydrothermal reaction and as a 
result the average size of the metal hollow oxides spheres increases by 
about 40-50%.

When the concentration ratio between glucose and metal chloride 
is increased from 10:1 to 20:1, we can anticipate that the amount of 
metal oxide forming the shell of hollow spheres will decrease. Figure 
8 shows TEM micrographs for as-obtained hollow Cr2O3 samples 
through applying concentration ratio of 10:1 and 20:1. We notice that 
the wall thickness of the hollow spheres is inversely proportional to the 
molar ratio between the reactants. The wall thickness decreases from 80 
nm to 33 nm when the concentration ratio increases. The particle size 
of the Cr2O3 particles forming the wall of the hollow spheres is found 
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Figure 3: TEM micrographs of the core @ shell composites before calcination of a) Cr2O3, b) α-Fe2O3, c) ZnO samples; the scale bare is 1 µm.

Figure 4: IR spectra of the as-obtained α-Fe2O3 hollow spheres, before and 
after calcination (500 ºC, 5 h)...... before calcination; _____ : after calcination. 

Figure 5: SEM micrographs of the core-shell composites before calcination 
at 500 ºC (a) Cr2O3 and (d) α-Fe2O3, SEM micrographs of the oxide hollow 
spheres after calcination at 500 ºC for 5 h (b) Cr2O3 and (e) α-Fe2O3,  and TEM 
micrographs of the oxide hollow spheres (c) Cr2O3 (f) α-Fe2O3  (g) Co3O4  (h) 
NiO (i) ZnO the inset TEM micrograph shows bnb hollow structure of ZnO.

Figure 6: SEM micrographs of the metal oxide hollow particles, after calcination 
at 500 ºC for 5 h, a1)  hollow Cr2O3 spheres prepared at 12 h (the inset is PSD 
of the sample), a2) fused hollow Cr2O3 particles prepared at 36 h (the inset 
is TEM micrograph of the sample), and SEM micrographs of  fused hollow 
porous metal oxide prepared by using 240 mmoL-1 of glucose after calcination 
at 500 ºC for 5 h, b1) Cr2O3, b2)  Co3O4. The arrows point to a broken shell.

to be approximately 21 nm. Hence, the 80 nm large walls of the hollow 
spheres are built up by about four layers of aggregated Cr2O3 grains 
for samples with higher Cr content (ratio 10:1). In contrast, lower 
Cr content (ratio 20:1) yields hollow spheres with walls consisting of 
nearly 2 layers of aggregated grains. Accordingly, the hollow spheres 
appear to be more robust in case of lower molar ratios (glucose/metal 
chloride). This is likely due to lower metal concentration leads to light 
packing of metal oxide nanoparticles and a thin wall, while an increase 
in the metal ions concentration yields a much denser packing and the 
formation of a robust thicker shell [29].

In general, the size of the hollow spheres is directly proportional 
to the reaction time and the addition of acetic acid (0.5 mL/100 
mL solution) promoting the growth of the spherical core @ shell 
composite. While the wall thickness of the hollow spheres is inversely 
proportional with the increase of the molar ratio between glucose and 
metal chloride. The shape of the hollow materials is affected by the 
glucose concentration. The typical parameters given by the synthesis 
protocol procedures reported in experimental section are the optimized 
conditions for the fabrication of porous hollow metal oxides by using 
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Figure 7: SEM micrographs of porous metal oxide hollow spheres prepared by applying 0.5 mL acetic acid as catalyst, after calcination at 500 ºC for 5 h, a) Cr2O3, 
b) α-Fe2O3, the inset is a large view of the chosen area, c) Co3O4, the inset is SEM micrograph of a single hollow spheres with broken shell, d) NiO, and e) ZnO, the 
inset is TEM micrograph of hollow ZnO spheres; the particle size distribution of each sample is included in each micrograph. The red arrow refers to broken shells.
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Figure 8: TEM micrographs of the as-obtained Cr2O3 hollow spheres by applying 
concentration ratio [c (glucose):c(metal chloride)] a) 10: 1 b) 20:1.

glucose as a sacrificial template. Table S2 in the Supporting Information 
summarizes some relationships between the synthesis parameters and 
the size and shape of the as-obtained hollow metal oxides spheres.

Conclusion
A series of porous metal oxides hollow spheres (Cr2O3, Co3O4, 

NiO, α-Fe2O3 and ZnO) have been successfully obtained through 
hydrothermal method by utilizing glucose-derived carbonaceous 
spheres as sacrificial templates and metal chlorides as metal oxides 
precursors. The key of success probably stems from the fact that 
the surface of the carbonaceous core is rich of functionalities which 
facilitate the adsorption of the metal ions into their surface layers 
without any surface modifications. The glucose-derived carbonaceous 
spheres used as templates have an integral and uniform surface 
functional layer which makes an additional modification of the surface 
of the shape-controlling carbonaceous template dispensable and 
provides the homogeneity of the shell. Though the pyrolytic treatment 
of the composites results in a drastic shrinkage in size, the spherical 
shape is preserved. 

Correlations between the particle size and the concentration 
of glucose, as well as the ratio of metal precursor and the sugar 
concentrations are uncovered. Crucial factors, critical to fine-tune the 
final particle size and the shape, are temperature, reaction time and 
addition of acetic acid promoting particle growth. The results have 
shown that each of the varied parameters have similar impact on the 
various oxides. The similar impact of each parameter on the formation 
of hollow oxides reported here might open the door for improved 
understanding of the formation of the hollow metal oxides spheres 
with variable size.

Metal oxide particles of this type exhibit unique properties such 
as large specific surface areas and, in particular, hollow interior cores, 
and mesoporous walls of various size and thickness. In view of the 
rich and diverse property profiles of such nanoparticulate oxides the 
accruing properties arising from the specific shape and constitution of 
such hollow particles may offer improved and new useful applications 
in various fields. Catalysis, water treatment, photonic devices, chemical 
sensors and controlled release are just some of those.
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