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Abstract: Metal-organic coordination spheres integrate the 

advantages of coordination polymers with spherical colloids, which 

are crucial for the fabrication of functional composites. However, it 

still lacks a universal strategy to develop chemically tailorable 

colloidal spheres from metal-organic coordination polymers. Here we 

report a formaldehyde-assisted metal-ligand crosslinking strategy for 

the synthesis of metal-phenolic coordination spheres based on the 

principle of sol-gel chemistry. A range of mono-metal (Co, Fe, Al, Ni, 

Cu, Zn and Ce), bi-metal (Fe-Co, Co-Zn) and multi-metal (Fe-Co-Ni-

Cu-Zn) species can be successfully incorporated into the 

frameworks of the colloidal spheres. The formation of coordination 

spheres involves the pre-crosslinking of plant polyphenol (i.e. tannic 

acid) by formaldehyde in alkaline ethanol/water solvents, followed by 

the aggregation assembly of polyphenol oligomers via metal-ligand 

crosslinking. The coordination spheres can be used as sensing 

platforms for the analysis of nucleic acid variants with single-

nucleotide discrimination, and a versatile precursor for electrode 

materials with high electrocatalytic performance. 

Colloidal spheres have been widely applied in optics, 

biomedicine, biosensor, catalysis, and energy.[1] Various 

methods, such as sol-gel process and hydrothermal synthesis, 

have been developed to prepare colloidal spheres. As a typical 

case, Stöber method has been widely used to synthesize 

colloidal silica spheres in the alkaline alcohol/water solvents. [2] 

Based on the sol-gel synthesis, a variety of inorganic and 

polymeric spheres (such as resorcinol-formaldehyde resin 

spheres) were obtained.[3] Most importantly, combining with 

other techniques (e.g. spin coating), various functional 

composites could be fabricated, which would greatly extend the 

applications of colloidal spheres.[4] Metal-organic coordination 

polymers have attracted intensive attentions due to their unique 

structure and morphology, tailorable compositions, as well as 

numerous applications.[5] The integration of the advantages of 

coordination polymers with spherical structure would endow 

them more unique features and extend their applications.[6] 

Plant polyphenols (e.g. tannic acid, TA) contain large amount 

of catechol or galloyl groups, which have strong chelate ability 

with various metal ions. The metal-TA coordination polymers, as 

a subclass of metal-organic coordination polymers, have 

recently been investigated as a versatile platform for the 

functional surface engineering.[7] As the polyphenols are known 

to strongly bind to various substrates throng covalent and non-

covalent,[8] the controlling over the morphology and structure of 

such metal-phenolic coordination polymers usually relies on the 

shape of the external substrate (or template).[7a] Dopamine 

molecule contains one catechol group, which can chelate with 

metal ions. Metal-loaded polydopamine spheres with tunable 

compositions have been well studied.[9] However, there is very 

few examples for the synthesis of metal-plant polyphenol 

coordination spheres. Each TA (C76H52O46) molecule contains 

five catechol groups and five galloyl groups to chelate with metal 

ions (Figure 1a). The self-assembly between TA and metal ions 

is more complicated than that of dopamine. Till now, most of the 

metal-phenolic coordination spheres were synthesized using the 

inorganic (or organic) sphere as a sacrificed template, resulting 

into a hollow structure. Ejima et al successfully synthesized 

metal-TA coordination polymer capsules via a layer-by-layer 

assembly strategy using polystyrene spheres as a sacrificed 

template.[7a] Due to the complicated polymerization process of 

the TA molecule and strong coordination interactions between 

TA and metal ions, the synthesis of metal-TA coordination 

spheres without using any spherical template is still a huge 

challenge.[10] 

Herein, inspired from Stöber method for the synthesis of 

colloidal spheres, we report a formaldehyde-assisted metal-

ligand crosslinking strategy for the synthesis of metal-phenolic 

coordination spheres with uniform diameter (~ 300 nm) and 

tunable compositions. The formation of spherical metal-phenolic 

coordination polymer involves the pre-crosslinking of TA by 

formaldehyde in the alkaline ethanol/water solvents, followed by 

the aggregation assembly of polyphenol oligomers via metal-

ligand crosslinking. Due to the diverse chelation ability of TA, a 

range of mono-metal (such as Co2+, Fe2+, Fe3+, Al3+, Ni2+, Cu2+, 

Zn2+ and Ce3+), bi-metal (such as Fe-Co, Co-Zn), and multi-

metal (such as Fe-Co-Ni-Cu-Zn) species can be successfully 

incorporated into the frameworks of the coordination spheres. 

Due to the unique sperical structure and metal-phenolic network, 

these coordination spheres can be applied for reliable analysis 

of nucleic acid variants with single-nucleotide discrimination. In 

addition, such coordonation sphere derived nanoporous M/N-C 

(M=Fe, Co) composites exhibit high onset potential, large 

limiting current density and good stability for oxygen reduction 

reaction (ORR). 
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The synthesis of metal-phenolic coordination spheres mainly 

includes two steps (Figure 1b). The first step is similar to the 

extended “Stöber” method for the synthesis of resorcinol-

formaldehyde resin spheres.[3d] TA molecules were crosslinked 

by formaldehyde in the alkaline ethanol/water solvents (Figure 

1c, Figure S1). As Pluronic F127 (polyethylene oxide-block-

polypropylene oxide-block-polyethylene oxide) can interact with 

TA via hydrogen bonding, TA molecules may be trapped in the 

matrix of F127 block copolymers. As a result, TA molecules can 

be polymerized moderately by formaldehyde to form poly(tannic 

acid) (PTA) oligomers with the assistance of F127. In the second 

step, the polymer oligomers were further aggregated together to 

form metal-TA coordination spheres due to the strong metal-

ligand coordination interactions between the metal ions (such as 

Co2+) and catechol groups from polymer oligomers (Figure 1d). 

As the catechol groups have strong chelate ability with various 

metal ions, mono-metal (Co2+, Fe2+, Fe3+, Al3+, Ni2+, Cu2+, Zn2+ 

and Ce3+), bi-metal (such as Zn-Co and Fe-Co) and multi-metal 

species (Fe-Co-Ni-Cu-Zn) could be used as a crosslinker (Figure 

1e). In order to make the coordination spheres more stable, 

hydrothermal treatment was further applied to crosslink the 

organic ligands. Moreover, the TA polymer spheres without any 

metal species were also synthesized by direct hydrothermal 

treatment of PTA oligomers. 

Scanning electron microscopy (SEM) images for PTA without 

using any metal crosslinker show uniform spherical morphology, 

with diameter of around 300 nm (Figure 2a). When metal ions 

are used as a crosslinker, the obtained polymers also exhibit 

spherical morphology (Figure 2b, c, Figure S2a-f), indicating the 

formation of metal-phenolic coordination spheres. In this work, 

eight kinds of metal ions such as Co2+, Fe2+, Fe3+, Al3+, Ni2+, Cu2+, 

Zn2+ and Ce3+ are used as a crosslinker. All the obtained metal-

phenolic coordination polymers show spherical morphology. To 

further validate the universality of this strategy, mixed metal 

precursors such as Co(NO3)2/Fe(NO3)3, Co(NO3)2/Zn(NO3)2, 

Co(NO3)2/FeSO4 and 

Fe(NO3)3/Co(NO3)2/Ni(NO3)2/Cu(NO3)2/Zn(NO3)2 were used as a 

metal source for crosslinking. Consequently, bimetal-TA (Co(II)-

Fe(III)-TA, Co(II)-Zn(II)-TA and Co(II)-Fe(II)-TA) and multi-metal-

TA (Fe(III)-Co(II)-Ni(II)-Cu(II)-Zn(II)-TA) coordination spheres 

were obtained respectively. All these metal-phenolic 

coordination polymers reveal the spherical morphology and 

uniform diameter (Figure 2d, e, f, Figure S2g). The element 

mapping results for Co(II)-Fe(III)-TA reveal that Co and Fe 

species are distributed uniformly in the coordination spheres 

(Figure S3). Even for the Fe(III)-Co(II)-Ni(II)-Cu(II)-Zn(II)-TA 

coordination polymer sphere, it can be clearly seen that Fe, Co, 

Ni, Cu and Zn elements are dispersed in the polymer spheres 

uniformly (Figure 2g).  

The metal contents for the metal-phenolic coordination 

polymers can also be easily adjusted by changing the amount of 

metal source. When the mass ratio of cobalt source (i.e. 

Co(NO3)2·6H2O) to TA increased from 5 to 80 wt%, all the 

obtained Co-TA coordination polymers show spherical 

morphology (Figure S3a-d). The content of cobalt in the 

coordination polymers increases from 2.3 to 12.6 wt% 

calculating from thermogravimetric analysis (Figure S4e, Figure 

2h). Moreover, the compositions of bimetal-TA coordination 

sphere can also be simply adjusted by changing the ratio of 

metal sources. For example, when the molar ratio of Co(II) to 

Fe(III) precursor is 0.8:1, 1.4:1 and 2.8:1 respectively, the 

obtained Co(II)-Fe(III)-TA coordination polymers show spherical 

morphology (Figure S5). Energy dispersive X-ray analysis (EDX) 

results reveal the molar ratio of Co(II) to Fe(III) is 0.6:1, 1.2:1 

and 2.5:1 respectively (Figure 2i). 

The X-ray diffraction (XRD) results prove that the metal-

phenolic coordination spheres show amorphous structure 

(Figure S4f). N2 sorption isotherms reveal that these 

coordination spheres show very low surface area (10-20 m2 g-1), 

indicating nearly no nanopores in the polymer framework (Figure 

Figure 1 (a) Chemical structure of TA. (b) The synthesis of metal-phenolic coordination spheres. Step 1, the polymerization of TA by formaldehyde to form 
poly(tannic acid) oligomers; Step 2, the assembly of the oligomers to metal-TA coordination spheres via metal-ligand crosslinking. (c) The possible formation 
of PTA oligomers via formaldehyde crosslinking. (d) The formation of metal-phenolic bond. (e) The assembly units of metal-TA with various metal ions. 
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S6, Table S1). X-ray photoelectron spectroscopy (XPS) of Co-

TA coordination sphere further demonstrates the existence of 

cobalt species in the polymer (Figure S7a). The high-resolution 

Co 2p spectrum reveals two peaks at 779.96 and 783.79 eV, 

which can be ascribed to the Co(II)-O and Co(II) salts 

respectively (Figure S7b).[11] The formation of Co(II)-O bonds in 

the Co-TA coordination spheres can be further confirmed by the 

Raman spectra (Figure S8).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 SEM images of (a) PTA spheres, (b) Co(II)-TA, (c) Fe(III)-TA, (d) 

Co(II)-Zn(II)-TA, (e) Co(II)-Fe(III)-TA and (f) Fe(III)-Co(II)-Ni(II)-Cu(II)-Zn(II)-TA 

coordination polymer spheres. (g) TEM and corresponding element mapping 

images for Fe(III)-Co(II)-Ni(II)-Cu(II)-Zn(II)-TA coordination polymer spheres. 

(h) The cobalt contents in the Co-TA spheres when the mass ratio of cobalt 

source to TA increases. (i) The molar ratio of Co(II) to Fe (III) in the Co(II)-

Fe(III) coordination spheres when the molar ratio of Co(II) to Fe(III) in the 

precursors increases. 

In order to investigate the possible formation mechanism of 

the metal-phenolic coordination spheres, the samples at 

different stages were characterized by SEM. In the first step, the 

TA molecules were crosslinked by formaldehyde for 24 hours. 

SEM results show the colloidal spheres are not formed yet at 

this stage (Figure 3a). When the metal source (i.e. cobalt nitrate) 

was added into the TA-formaldehyde solution, the metal-TA 

coordination spheres were formed after stirring for 5 min (Figure 

3b). After further stirring for 24 hours, the spherical structure was 

not changed obviously (Figure 3c). After hydrothermal treatment 

at 100 ºC for 24 hours, the spherical morphology retains. The 

metal-TA coordination spheres before hydrothermal treatment 

can be quickly dissolved in 0.1 M HCl solution. This indicates the 

polymer spheres were formed via metal-ligand crosslinking 

(Figure 3e, f, g). Comparably, the metal-TA coordination spheres 

after hydrothermal treatment is stable in 0.1 M HCl at least for 

12 hours (Figure 3h). These results prove the organic ligands in 

the coordination spheres can be further polymerized during 

hydrothermal treatment, which can stabilize the spherical 

morphology  and dramatically improve the acidic tolerance of the 

coordination spheres (Figure 3i). When the formaldehyde was 

absent in the synthesis, only metal-TA rods were obtained 

(Figure 3d), indicating an important role of formaldehyde in the 

formation of coordination sphere. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 SEM images of (a) PTA oligomers before addition of metal ions, Co-

TA coordination spheres after addition of cobalt ions for (b) 5 min, (c) 24 hours, 

and (d) Co-TA coordination rods without using formaldehyde as a crosslinker. 

(e) Schematic for the stability of the Co-TA coordination in the acid conditions. 

SEM images of (f) Co-TA spheres without hydrothermal treatment (HT) in 0.1 

M HCl, and (h) Co-TA spheres after hydrothermal treatment at 100 ºC in 0.1 M 

HCl. (g) The reaction for the metal-TA coordination in the acid conditions. (i) 

The possible structure for the Co-TA sphere after HT. 

Based on the above results, we speculate the formation 

mechanism of metal-phenolic coordination spheres mainly 

includes two steps. In the first step, TA molecules were pre-

crosslinked by formaldehyde. Like other phenols (such as 

resorcinol), formaldehyde can induce the polymerization of TA, 

resulting in the formation of TA-formaldehyde resin. In the weak 

alkaline ethanol/water solution, this polymerization reaction can 

be well controlled. As a result, low-molecular-weight PTA 

oligomers were obtained. In the second step, the PTA oligomers 

were further aggregated together to form metal-phenolic spheres 

via the metal-ligand crosslinking. Different from the conventional 

phenols (such as resorcinol), TA has abundant of catechol 

groups. After crosslinking by formaldehyde, PTA oligomers 

would still have enough catechol groups to chelate with metal 

ions to form coordination polymers. When formaldehyde was not 

used to crosslink the TA, metal-TA coordination rods can be 

synthesized. This may be due to the fast polymerization rate of 

metal ions and TA. Comparing with the formation of polymer 

rods, the formaldehyde crosslinking of polyphenol may weaken 

the interactions between polyphenol and metal ions by 

decreasing the numbers of catechol groups. As a result, the 

metal-ligand assembly can proceed in a mild manner, and the 

thermodynamic stable spheres are obtained. 

Fluorescent nanoprobes have shown promising applications 

for detection of biomolecules. As a proof-of-concept application, 

the metal-phenolic coordination spheres were used as effective 

fluorescence sensing platform for the analysis of nucleic acid 
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variants such as miRNA (Figure S9). Fluorophore-labeled 

single-stranded DNA probe is adsorbed and quenched by the 

metal-phenolic coordination polymer spheres, whereas 

fluorescence recovery is observed as the addition of 

complementary traget miR-21 even down to 2 nM (Figure 4a). 

This indicates a high affinity of single-stranded nucleic acids 

rather than double-stranded ones on these spheres. It is well 

known that double-stranded nucleic acids seal phosphates and 

nitrogenous bases in the double helix structure. Therefore, we 

reason that such high affinity is mainly ascribed to the 

coordination interactions (between metal ions and nitrogenous 

bases/backbone phosphates) and π–π stacking interactions 

(between phenolic rings and nitrogenous base rings). These 

synergetic interactions could significantly improve the assay 

performance. The nanomolar sensitivity is consistent with those 

of traditional DNA probes such as molecular beacons. Morevoer, 

such nanoprobe system can even distinguish miRNA 

homogeneous sequences with single nucleotide variation 

(Figure 4b). This sequence specificity is superior to those of 

other MOF nanoprobes and traditional DNA probes (Table S2). 

Figure 4. (a) Fluorescent recovery in different concentrations of miR-21 
solution, unit: nM. (b) Selectivity for the detection of miR-21. 

 

The conversion of biomass into valuable carbon composites 

as an efficient non-precious metal catalyst for ORR is desirable 

and challenging for the development of commercially viable fuel-

cell technologies. Due to the low cost and nontoxicity of the plant 

polyphenol and tunable compositions of metal-phenolic 

coordination polymers, the metal-phenolic coordination spheres 

were used as a sustainable carbon source to fabricate M/N-C (M 

= Fe, Co) based catalysts for ORR. Co-TA, Fe-TA and Co(II)-

Fe(III)-TA coodination spheres were used as a precursor. 

Dicyandiamide was used as a N source. After gridding with 

coordination polymers and N source in the mortar, the 

composites were carbonized at 800 ºC in N2 atmosphere for 3 

hours. After the acid etching to remove the exposed metal (or 

metal carbide) nanoparticles, the carbon catalysts were obtained, 

which were denoted Co-TA-C800, Fe-TA-C800 and Co-Fe-TA-

C800 respectively. TEM and XRD results reveal the successful 

synthesis of the metal/N-doped carbon composites (Figure S10, 

S11). The Co (or Fe3C) nanoparticles are encapsulated by a few 

layers of graphitic carbon. Element mapping results show that 

the nitrogen element is doped in the carbon framework uniformly. 

N2 sorption results show that the BET surface area of Co-TA-

C800, Fe-TA-C800 and Co-Fe-TA-C800 is 477, 328, 449 m2 g-1 

respectively (Figure S12, Table S1). XPS results reveal the 

existence of nitrogen species in the carbon framework (Figure 

S13). High-resolution N 1s spectra prove the existence pyridinic 

and graphitic N with relative content of 34.3 and 60.1 at%, which 

is beneficial to improving the catalytic performance.[12]  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. (a) CV curves for Co-Fe-TA-C800. (b) LSV curves for Pt/C, Co-
TA-C800, Fe-TA-C800 and Co-Fe-TA-C800 in O2-saturated 0.1 M KOH 
electrolyte at a rotating speed of 1600 rpm. (c) LSV curves for Co-Fe-TA-
C800 at different rotating speeds. (d) Electron transfer numbers and K-L 
plots (inset) for Co-Fe-TA-C800. 

The ORR performance of metal-phenolic coordination polymer 

derived catalysts was evaluated using a rotating disk electrode 

technique. Cyclic voltammetry (CV) curves reveal a clear oxygen 

reduction peak for all the materials, implying an oxygen 

reduction activity (Figure 5a, Figure S14). The linear scan 

voltammogram (LSV) curves for commercial Pt/C, Co-TA-C800, 

Fe-TA-C800 and Co-Fe-TA-C800 at the rotating speed of 1600 

rpm in O2-saturated 0.1 M KOH solution show their onset 

potentials are at 0.95, 0.93, 0.95 and 0.96 V (vs reversible 

hydrogen electrode, RHE), respectively (Figure 5b). The onset 

potential for Co-Fe-TA-C800 is slightly higher than that of Pt/C, 

Co-TA-C800 and Fe-TA-C800, indicating a high catalytic activity. 

The corresponding limiting current density at 0.30 V is 5.7, 4.3, 

4.8 and 4.8 mA cm-2 for Pt/C, Co-TA-C800, Fe-TA-C800 and 

Co-Fe-TA-C800, respectively. The Koutechy-Levich plots of Co-

TA-C800, Fe-TA-C800 and Co-Fe-TA-C800 exhibit good 

linearity with a similar slop (Figure 5c, d, Figure S15, S16), 

indicating a first-ordered reaction and similar electron transfer 

numbers (n). The n value at potential of 0.3 V for Co-TA-C800, 

Fe-TA-C800 and Co-Fe-TA-C800 is 3.91, 3.88 and 3.84 

respectively, implying a near four-electron pathway. The 

catalytic performance is among the best of non-precious metal 

catalysts reported to date (Table S3). The high catalytic 

performance may be ascribed to the synergetic catalytic effect 

between graphitic carbon layers activated by the encapsulated 

Fe3C (or Co) nanoparticles and Fe (or Co)/N-C species in the 

catalysts.[10] Moreover, the catalysts derived from metal-phenolic 

coordination spheres show higher catalytic activity than other 

metal-phenolic catalysts (Figure S17). Becaused of the 

enhanced surface area, more numbers of active sites would be 

exposed. The mass transport would also be enhanced due to 

the nanoporous framework. Such catalysts also reveal better 
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long-term stability than Pt/C (Figure S18). Co-Fe-TA-C800 

exhibits higher resistance to the methanol cross-over effect than 

Pt/C. These results demonstrate that metal-phenolic 

coordination polymer spheres are an excellent precursor to 

fabricate efficient electrode materials. 

In summary, a formaldehyde-assisted metal-ligand 

crosslinking strategy is developed to synthesize metal-phenolic 

coordination spheres with unique morphology and tailorable 

compositions. TA molecules were firstly pre-crosslinked by 

formaldehyde to form PTA oligomers. Then, metal ions were 

used as a crosslinker to further assemble the PTA oligomers to 

metal-phenolic coordination spheres. These metal-phenolic 

coordination spheres can be applied as sensing platforms for the 

sensitive analysis of nucleic acid variants with single-nucleotide 

discrimination. It is further demonstrated such colloidal metal-

phenolic coordination spheres can be used as a precursor to 

fabricate functional carbon composites. The efficient catalytic 

activity for oxygen reduction reaction demonstrated that such 

metal-phenolic coordination spheres were an excellent precursor 

for the fabrication of carbon based electrode materials. It is 

believed the formaldehyde-assistant metal-ligand crosslinking 

strategy would open up new avenues for the synthesis of 

advanced colloidal spheres with promising applications for 

biomedicine and electrochemical devices. 
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A formaldehyde-assisted metal-ligand crosslinking strategy is developed for the 
synthesis of metal-phenolic coordination spheres with uniform diameter and 
tunable compositions. The coordination spheres can be used as sensing 
platforms for the analysis of nucleic acid variants with single-nucleotide 
discrimination, and a versatile precursor for electrode materials with high 
electrocatalytic performance. 
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