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Self-Template Synthesis of Mesoporous Metal Oxide Spheres 
with Metal-Mediated Inner Architectures and Superior 
Sensing Performance

Gen Wang, Jing Qin, Xinran Zhou, Yonghui Deng, Huanting Wang, Yongxi Zhao,  
and Jing Wei*

The development of a general strategy to synthesize mesoporous metal 
oxide spheres (MMOSs) with tailorable compositions and architectures 
is desirable and challenging. Herein, a general self-template strategy is 
demonstrated for the synthesis of MMOSs with tunable compositions 
(i.e., ZnO, Al2O3, Co3O4, Fe2O3, CuO) and metal-mediated inner 
architectures via thermal decomposition of metal-phenolic coordination 
polymers (MPCPs). The metal species in MPCPs can obviously influence 
the decomposition temperature of the polymer networks (Td). The inner 
architectures of MMOSs are determined by Td and the crystallization 
temperature of metal oxides (Tc). The MMOSs show solid inner 
architectures when Td > Tc or Td < Tc and hollow structure when Td ≈ Tc. 
Encouraged by their high surface area and accessible mesopores, gas 
sensors based on MMOSs (i.e., ZnO) are fabricated, which shows a low 
working temperature (250 °C) for detection of ethanol gas. The MMOSs 
(i.e., Co3O4) can further be used to fabricate sensing platform for detecting 
DNA analogue of miRNA-21 (a biomarker abnormally expressed in most of 
solid tumors). Such MMOSs show high sensitivity (0.19 × 10−9 m) and can 
even efficiently distinguish the target DNA from single-, double- and triple-
base mismatched DNA.
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1. Introduction

Mesoporous metal oxide spheres 
(MMOSs) have attracted intensive inter-
ests due to their controllable pore size 
and compositions, high surface area, 
crystalline framework, and various appli-
cations in catalysis, sensor, biomedi-
cine, as well as energy conversion and 
storage.[1] The hard-/soft-templating 
methods have been used to tailor the 
physiochemical properties of MMOSs.[2] 
Recently, self-template methods have 
been regarded as an efficient strategy 
for the synthesis of porous metal oxides 
using metal–organic coordination 
polymers as a precursor.[1h,3] Coordina-
tion polymers such as metal–organic 
frameworks, assembled by metal ions 
(or clusters) and organic ligands, have 
been considered as an efficient precursor 
for the synthesis of mesoporous metal 
oxides with preserved morphologies and 
accessible nanopores. Due to their tailor-
able compositions and structural diversi-

ties, a variety of porous metal oxides with different micro-/
nanostructures have been synthesized.[3]

Metal-phenolic coordination polymers (MPCPs) as a subclass 
of coordination polymers have been widely used for func-
tional surface engineering, and show promising applications 
such as drug delivery, cell protection, and magnetic resonance 
imaging.[4] The organic ligands from MPCPs are usually plant 
polyphenol (e.g., tannic acid and gallic acid). Such polyphenol 
can be directly extracted on an industrial scale from plant.[5] 
Moreover, the plant polyphenols have large amount of catechol 
or galloyl groups, which have strong chelating ability with var-
ious metal ions. Due to the low cost, natural abundance, and 
nontoxicity of the polyphenols, MPCPs have also been used as 
a sustainable source for metal/carbon composites with efficient 
catalytic performance in oxygen reduction reaction, oxygen rev-
olution reaction, and hydrogenation of bulky molecules.[6]

It is anticipated that MPCPs would also be an efficient 
precursor for metal oxides. This can be ascribed to the fol-
lowing aspects. First, the plant polyphenols have large amount 
of catechol or galloyl groups, which have strong chelating 
ability with various metal ions. For example, each tannic acid 
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(C76H52O46) molecule contains five catechol groups and five 
galloyl groups to chelate with metal ions. It offers an opportu-
nity to synthesize MPCPs with monometal, bimetal, or multi-
metal species in the framework.[7] After decomposition process, 
mesoporous metal oxides with tailorable compositions can be 
obtained. Second, MPCPs usually show amorphous structure. 
The morphology and content of metal species can be easily 
tailored, which provide a feasibility to tailor the nanostructure 
of metal oxides. Third, the polyphenols show strong adhesive 
property as they contain large amount of catechol groups. As a 
result, MPCPs can be coated on the substrates with hydrophilic 
or hydrophobic surface, as well as positive charged or nega-
tive charged surface.[4a] After calcination, mesoporous metal 
oxides can be deposited on different kinds of substrates, which 
could be desirable for fabrication of functional composites 
and devices. Last but not least, as the ligands are decomposed 
when preparing mesoporous metal oxides, the sustainability of 
ligands is also a key factor when considering the possibility of 
large-scale synthesis. Plant polyphenols are one of natural abun-
dant biomass and can be produced on an industrial scale, which 
provide a possibility for large-scale synthesis of MPCPs and 
their derived mesoporous metal oxides. As the decomposition 
of the organic ligands and the crystallization of metal species 
occur spontaneously during the calcination process, the thermal 
stability for the organic ligands can inevitably affect the textural 
properties of the metal oxides. The usage of the MPCPs as a new 
metal oxide precursor may provide an alternative route to tailor 
the architectures and compositions of MMOSs. However, to the 
best of our knowledge, the usage of MPCPs as a precursor for 
the synthesis of porous metal oxides has been rarely reported.

Herein, we demonstrate a self-template synthesis of 
mesoporous metal oxide spheres with tunable composi-
tions (ZnO, Al2O3, Co3O4, Fe2O3, CuO) and metal-mediated 
inner architectures using MPCPs as a precursor. Zn species 
in MPCPs could enhance the thermal stability of polymer 
networks while Co, Fe, and Cu species could accelerate the 
decomposition of polymer networks. The decomposition tem-
peratures for polymer networks (Td) and the crystalline temper-
ature of metal oxides (Tc) are two key factors to determine the 
inner architectures of MMOSs. The MMOSs show solid inner 
architectures when Td > Tc or Td < Tc and hollow structure when 
Td  ≈  Tc. Due to the porous structure, tailorable compositions 
and highly crystalline framework, MMOSs can be used as an 
efficient sensing platform for detection of volatile organic com-
pounds (i.e., ethanol) and nucleic acids.

2. Results and Discussions

The spherical MPCPs were first synthesized via a formalde-
hyde-assisted metal–ligand crosslinking strategy. Tannic acid 
(TA) and metal nitrate (or sulfate) were used as an organic 
ligand and metal source respectively. The obtained MPCPs 
were denoted Zn-TA, Al-TA, Co-TA, Fe-TA, and Cu-TA 
respectively. Scanning electron microscopy (SEM) images 
for all the MPCPs show spherical morphology and uniform 
diameter (Figure S1, Supporting Information). After further 
calcination at different temperatures (350–900  °C), MMOSs 
were synthesized (Figures  1a and 2a). The samples were 

denoted M-TA-x (M = Zn, Al, Co, Fe, Cu, x refers the calcina-
tion temperature).

To verify the feasibility of the synthesis of MMOSs using 
MPCPs as a precursor, Zn-TA was first calcined at 350, 400, 
and 450  °C for 2 h in air respectively to prepare mesoporous 
ZnO spheres. SEM image for Zn-TA-350 shows that spherical 
morphology is well preserved except some slight collapses on 
the surface of spheres (Figure S2a, Supporting Information). 
Transmission electron microscope (TEM) images for Zn-TA-
350 reveal that the ZnO nanocrystals with diameter of ≈4 nm 
were distributed in the polymer matrix uniformly (Figure S2c,d, 
Supporting Information). These results prove the ZnO crystals 
are formed before the full decomposition of polymer network. 
When the calcination temperature increases to 400 °C, almost 
all the organic species in the coordination polymers can be 
removed (Figure S3, Supporting Information). SEM and TEM 
images for Zn-TA-400 reveal that the ZnO sphere is assembled 
by smaller nanocrystals (Figure 1b,c). The distinct lattice fringes 
with spacing of 0.258 nm can be identified as the (002) planes of 
ZnO (Figure 1d). The selected area electron diffraction (SAED) 
pattern further confirms the polycrystalline texture (Figure S4, 
Supporting Information). The powder X-ray diffraction (XRD) 
patterns reveal that all the diffraction peaks can be assigned to 
hexagonal zincite ZnO (JCPDS-no. 00-036-1451) (Figure S5a, 
Supporting Information). The N2 sorption isotherms show 
a capillary condensation step in the relative pressure range 
of 0.6–0.9, indicating the existence of mesopores (Figure  1h). 
The Brunauer–Emmett–Teller (BET) surface area, pore volume 
and pore size for Zn-TA-400 are 70 m2 g−1, 0.30 cm3 g−1, and 
8.8 nm respectively (Table S1, Supporting Information). As the 
calcination temperature increases to 450 °C, Zn-TA-450 shows 
irregular morphology due to the overgrowth of nanocrystals 
(Figure S2b, Supporting Information). When the mass ratio of 
zinc precursor to TA was changed, Zn-TA coordination polymer 
spheres with different contents of zinc can be synthesized 
(Figure S6, Supporting Information). After calcination in air, 
mesoporous ZnO spheres with different porosities were syn-
thesized. BET surface area and pore volume for mesoporous 
ZnO can be slightly adjusted, indicating the feasibility to tailor 
the porosity by adjusting the mass ratio of metal to organic 
ligand (Figure S7, Supporting Information).

Al-TA was then used for the synthesis of mesoporous 
alumina spheres. SEM and TEM images for Al-TA-500 reveal 
preserved spherical morphology and mesoporous structure 
(Figure S8a,b, Supporting Information). SAED and XRD 
patterns prove that Al-TA-500 shows amorphous framework 
(Figures S5b and S8c, Supporting Information). After further 
calcination at 900 °C, the obtained Al-TA-900 also shows spher-
ical morphology and mesoporous structure (Figure  1e,f). Dif-
ferently, Al-TA-900 exhibits crystalline framework (Figure  1g). 
XRD patterns exhibits six well-resolved diffraction peaks, which 
can be ascribed to γ-Al2O3 (JCPDS-no. 10-0425) (Figure S5b, 
Supporting Information). The N2 sorption results for both 
Al-TA-500 and Al-TA-900 further prove the mesoporous struc-
ture, and their texture properties are shown in Table S1 in the 
Supporting Information (Figure  1h; Figure S9, Supporting 
Information).

Interestingly, hollow MMOSs can be synthesized when 
Co-TA, Fe-TA, and Cu-TA are used as a precursor (Figure 2a). 
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SEM image of Co-TA-400 clearly shows the spheres are 
assembled by the nanoparticles (Figure  2b). The mesopores 
are formed due to the packing of nanoparticles. TEM image 
further confirms the hollow structure and mesoporous shell 
(Figure  2c). High-resolution TEM image reveals the hollow 
spheres were constructed by nanocrystals with interconnected 
network (Figure 2d). The lattice fringes with spacing of 0.46 nm 
can be identified as the (111) planes of Co3O4 (Figure  2e). 
SAED patterns show the distinct diffraction spots, indicating 
the highly crystalline framework (Figure  2c, inset). XRD pat-
terns exhibit eight diffraction peaks, which can be assigned to 
face-centered cubic Co3O4 (JCPDS no. 42-1467) (Figure S5c, 
Supporting Information). The BET surface area, pore volume, 
and pore size for Co-TA-400 are 59 m2 g−1, 0.20 cm3 g−1, and 
6.0  nm respectively (Figure S10a,b, Supporting Information). 
When Cu-TA and Fe-TA were used as a precursor, CuO and 
Fe2O3 with hollow structure and mesoporous shell could also 
be synthesized (Figure 2f–h; Figure S11, Supporting Informa-
tion). It should be noted that Fe-TA-400 shows highly crystalline 

framework and the nanocrystals fused together to form a 
crystal network (Figure S11b,d, Supporting Information). SAED 
patterns for Fe-TA-400 even show single-crystal like diffraction 
spots (Figure S11f, Supporting Information). XRD patterns 
for Cu-TA-350 reveal crystalline framework with CuO phase 
(JCPDS no. 45-0937) (Figure S5d, Supporting Information). 
Two small peaks are also found in the XRD patterns, which can 
be indexed to Cu2O (JCPDS no. 05-0667), indicating the copper 
species were partially reduced by organic compounds during 
calcination process.[8] XRD results for Fe-TA-400 show well-
resolved diffraction peaks, which can be indexed to α-Fe2O3 
(JCPDS no. 33-0664) (Figure S5e, Supporting Information). 
The N2 sorption results for all the mesoporous metal oxides 
are summarized in Table S1 in the Supporting Information 
(Figure S10, Supporting Information).

When MPCPs are used as a metal source, the inner architec-
tures of MMOSs are mediated by metal species in the polymer 
networks (Figure  3a). The metal species can influence the 
thermal stability of the MPCPs. To evaluate the thermal stability 
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Figure 1.  a) Schematic illustration of the synthesis of MMOSs (ZnO, Al2O3). b) SEM image and c,d) TEM images for Zn-TA-400. e) SEM image and 
f,g) TEM images for Al-TA-900. h) N2 sorption isotherms and corresponding DFT pore size distributions for Zn-TA-400 and Al-TA-900.
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of coordination polymers, poly (tannic acid) (PTA) spheres were 
also synthesized without using any metal source (Figure S1f, 
Supporting Information). The temperatures at which the weight 
loss reaches to 50 wt% are used to roughly evaluate the thermal 
stability of the polymer networks. They are denoted TPTA, TZn, 
TAl, TCo, TCu, and TFe, which correspond to PTA, Zn-TA, Al-TA, 
Co-TA, Cu-TA, and Fe-TA respectively. Thermogravimetric (TG) 
analysis reveals that TZn (421 °C) is higher than TPTA (391 °C), 
suggesting that zinc species could enhance the thermal sta-
bility of polymer network (Figure  3b). As Tc of ZnO is lower 
than Td, ZnO nanocrystals were first formed in the polymer 
matrix (Figure  3a). After further removal of polymer matrix, 
ZnO nanocrystals were aggregated together to form a MMOSs 
with solid structure. When Al-TA was used as a precursor, TAl 
(399 °C) is close to TPTA (391 °C), indicating the alumina spe-
cies cannot obviously affect the thermal stability of the polymer 
networks (Figure  3c). As it is known, the Tc for Al2O3 (i.e.,  
γ-Al2O3) is usually above 600  °C. The polymer network would 

be fully decomposed at such high temperature. In this situation 
(Tc  >  Td), the polymer networks are fully decomposed before 
the crystalline of Al2O3. The obtained MMOSs also show solid 
structure.

When M-TA (M = Co, Cu, Fe) was used as a precursor, TCo 
(322 °C), TCu (324 °C), and TFe (266 °C) are much lower than 
TPTA (391 °C) (Figure 3d). This suggests that Co, Cu, and Fe spe-
cies could promote the decomposition of polymer network. The 
metal species in the polymer networks would be transformed to 
metal oxides during calcination process. Such metal oxides may 
act as a catalyst, which can accelerate the degradation of polymer 
networks by the formation of volatile products.[3m] In this  
case, the decomposition of polymer networks happens together 
with the crystalline of metal oxides when Tc  ≈ Td. During the 
calcination process, the metal species in the near-surface 
region of the polymers may be transformed to metal oxide pri-
marily because the decomposition rate of polymer network in 
the solid–air interface is faster than that in the inner polymer 
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Figure 2.  a) Schematic illustration of the synthesis of hollow MMOSs (Co3O4, CuO, Fe2O3). b) SEM image and c–e) TEM images for Co-TA-400.  
f) SEM images and g) TEM image for Cu-TA-350. h) SEM image for Fe-TA-400. Inset in (c) is SAED patterns.
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network (Figure  3a). The metal oxides formed on the surface 
of coordination polymer would accelerate the decomposition 
of polymer. As the decomposition of coordination polymers is 
accompanied by outward gas flow (e.g., CO2), metal species 
in the coordination polymers may migrate along with the out-
ward gas to form a dense layer of metal oxides, resulting into a 
hollow structure. The dense shell of metal oxide will transform 
to porous structure as the growth of metal oxide crystals. The 
formation mechanism of hollow structure is similar to that of 
other hollow materials derived from coordination polymers.[9]

To further verify the proposed mechanism for the formation 
of hollow spheres, Cu-TA coordination polymers were calcined 
at different temperatures. The obtained materials were denoted 
Cu-TA-x (x refers calcination temperature). TEM images for 
Cu-TA-250 showed that CuO nanocrystals were first formed on 
the surface of polymer spheres (Figure S12a–c, Supporting Infor-
mation). When the calcination temperature increased to 300 °C, 
Cu-TA-300 with york–shell structure was obtained (Figure S12d,e, 
Supporting Information). The dense shell with crystalline metal 
oxides was formed at this stage. Further increasing to tempera-
ture to 350 °C, the dense shell was transformed to porous struc-
ture due to the further growth of metal oxides (Figure 2f,g).

Metal oxide semiconductors with highly porous structure, 
high surface area, and enormous active sites have been con-
sidered as ideal sensing materials for gas sensors.[10] In this 
study, encouraged by the ultrahigh surface area and accessible 
mesopores of the MMOSs, we investigated their application 
possibility for gas sensors. As a proof-of-concept, gas sensors 
based on mesoporous ZnO spheres were fabricated and their 
electric circuit of gas sensing measurements was shown in 

Figure 4a. The working temperature is as low as 250 °C when 
50  ppm of ethanol gas was injected (Figure  4b). The con-
tinuous dynamic electrical response of mesoporous ZnO to 
ethanol with different concentrations (10–500 ppm) is shown in 
Figure 4c. The response of the mesoporous ZnO-based sensor 
increased from 2.2 at 10 ppm to 20 at 500 ppm (Figure S13a,  
Supporting Information). As the selectivity is an important 
parameter of gas sensors for their practical application, the 
selectivity of the mesoporous ZnO-based sensor was also inves-
tigated (Figure  4d). The response to ethanol, acetone, formal-
dehyde, toluene, ammonia, and CO was 4.5, 2.1, 1.1, 1.05, 
1.04, and 1 respectively, indicating a high sensitivity to ethanol 
gas. The response time to ethanol gas was 100 s, and the cor-
responding recovery time was 130 s (Figure S13b, Supporting 
Information). The sensing performance for mesoporous ZnO-
based sensor in this work is among the best of other reported 
ZnO nanomaterials (Table S2, Supporting Information) due to 
their high surface area (70 m2 g−1) and highly crystalline frame-
work. Such results also indicate the feasibility to fabricate gas 
sensor based on the MMOSs derived from MPCPs.

Nanomaterials for DNA adsorption are of particular interest 
for applications in DNA delivery, nanotechnology, and bio-
sensor.[11] Recently, we found that MPCPs show promising 
application for detection of nucleic acids. The MPCP spheres 
can adsorb 6-carboxyfluorescein (FAM)-labeled probe DNA 
and the fluorescence of probe can be quenched due to the 
interactions (metal–ligand coordination and π–π stacking) 
between MPCPs and probe DNA.[7] In this work, we find that 
MMOSs (i.e., Co-TA-400) show much better quenching ability 
than MPCPs (i.e., Co-TA), indicating the cobalt species play an 

Adv. Funct. Mater. 2018, 28, 1806144

Figure 3.  a) Schematic illustration of the formation process of MMOSs with metal-mediated inner architectures. b–d) TG curves for MPCPs with dif-
ferent metal species.
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important role in the adsorption of probe and quenching of 
fluorescence (Figure 5a). Co-TA has obviously better quenching 
ability than PTA, which further confirms the important role 
of cobalt species. As MMOSs show small diameter (≈120 nm) 
and porous structure, large numbers of unsaturated metal sites 
on the surface would be exposed to coordinate with phosphate 
backbone of the DNA. The MMOSs can also adsorb more num-
bers of DNA molecules than MPCPs and PTA, indicating the 
enhanced adsorption ability (Figure 5b).

As MMOSs can efficiently quench the fluorescence of FAM-
labeled probe DNA, they are used as a sensing platform for 
nuclei acid detection. miRNA-21 is one of potential biomarkers 
due to its over-expressed level in many types of solid tumors.[12] 
In this study, DNA analogue of miRNA-21 was used as a target. 
FAM-labeled probe DNA is designed, which can be adsorbed on 
the surface of MMOSs, resulting in the fluorescence quenching 
(Figure  5c). However, when the target DNA is present, it can 
trigger a hybridization chain reaction with probe DNA. The 
formation of double-stranded structure can seal phosphates in 
the double helix structure. Consequently, the double-stranded 
structure of DNA can detach from MMOSs, leading to the 
recovery of fluorescence. As shown in Figure 5d and Figure S14 
(Supporting Information), the fluorescence intensity increased 
gradually when the concentration of target DNA increased 
from 0.5 to 60 × 10−9 m. The DNA sensor showed a linear range 
between 0 to 10 × 10−9 m, with detection limit of 0.19 × 10−9 m 

(calculated from 3σ/slope, σ refers standard deviation), which 
is comparable to that of other sensors fabricated by graphene 
oxide, carbon nanotube, metal–organic framework (Table S3, 
Supporting Information). The specificity of the MMOSs-based 
sensing platform is also investigated by introducing various 
targets. The fluorescence recovery (F/F0−1, F and F0 are the 
fluorescence intensities at 520  nm in the presence and the 
absence of target) for target DNA is much higher than that 
of single-base, double-base, and triple-base mismatched DNA 
(Figure  5e). Comparing with single-base, double-base, and 
triple-base mismatched DNA, target DNA can lead more num-
bers of probe DNA molecules to detach from mesoporous 
metal oxides (Figure S15, Supporting Information). When a 
random DNA is used, the fluorescence recoveries are negligible 
(Figure  5f). Then the random DNA was added to the target 
DNA as an interferent, the fluorescence recovery is nearly not 
affected, indicating a good selectivity to different nucleic acids. 
These results indicate that the MMOSs are one of excellent can-
didates to detect the nuclei acids, which will be potentially used 
for the early diagnosis of cancer.

3. Conclusion

In summary, we demonstrate a generalized self-template 
strategy for the synthesis of mesoporous metal oxide spheres 

Adv. Funct. Mater. 2018, 28, 1806144

Figure 4.  a) Schematic diagrams of the sensor and the test circuit. b) Responses of mesoporous ZnO sensor toward 50 ppm of ethanol at different 
operating temperatures (200–300 °C). c) Response–recovery curve of mesoporous ZnO sensor toward ethanol vapors with different concentrations 
(10–500 ppm). d) Selective ethanol detection characteristics of mesoporous ZnO sensor with respect to the multiple interfering analytes at a concen-
tration of 50 ppm at 250 °C.
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(i.e., ZnO, Al2O3, Co3O4, Fe2O3, and CuO) with metal-mediated 
inner architectures via a thermal decomposition of metal-
phenolic coordination polymers. The Zn species could enhance 
the thermal stability of polymer networks while Co, Fe, and 
Cu species could accelerate the decomposition of polymer net-
works. The MMOSs show solid inner architectures or hollow 
structure by changing the metal species. It is believed that 
metal-phenolic coordination polymers will be a good candidate 

to synthesize mesoporous metal oxides with various nanostruc-
tures on different kinds of substrates to fabricate functional 
composites. As a proof-of-concept application, MMOSs can be 
used as a sensing platform for detection of volatile organic com-
pounds and biomolecules with high sensitivity and selectivity. 
Moreover, as the metal species in the MPCPs can be finely 
tunable, this proposed strategy can be used to synthesize 
MMOSs with mono-/bi-/multimetals components and tunable 

Adv. Funct. Mater. 2018, 28, 1806144

Figure 5.  a) Fluorescence intensities of probe DNA at 520 nm versus different concentrations of colloidal spheres (Co3O4, Co-TA, and PTA). Insets are 
the schematic illustration of the interactions (coordination, π–π stacking) between probe and materials. b) DNA loading capacity for Co3O4, Co-TA, 
and PTA spheres. c) Fluorescence spectra of probe DNA (P, black line); probe DNA and Co3O4 (red line); probe DNA and target (P+T, blue line); probe 
DNA, Co3O4 and target (cyan line). d) Fluorescence intensities versus different concentrations of target DNA (0.5–60 × 10−9 m). Inset is corresponding 
calibration curve for target DNA detection. e) Comparison of the fluorescence recovery for target DNA, single-, double-, and triple-base mismatch DNA. 
f) Fluorescence recovery curves for different concentrations of DNA: Target DNA (black line), Random DNA (CTA AAG CTG AGA CAT GAC GAG TC, 
blue line) and mixtures of Target DNA and random DNA (1 × 10−9 m) (Red line).
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architectures, which would be used in environmental catalysis, 
energy conversion and storage, sensing and other applications.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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