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1. Introduction

The nature system has evolved many substances with radi­
ated topological structures ranging from microcosmic viruses 
to macroscopic pollen grains.[1] These radiated substances 
show strong adhesion ability and can bind to many kinds 
of organisms through structural matching and multivalent 

Many substances in nature show radiated topological structure and possess 
excellent bio-adhesion ability. Herein, regulating the topological structure of 
Zn2GeO4:Mn persistent phosphors is achieved with a molecular coordina-
tion method. The morphology of the Zn2GeO4:Mn phosphors is well-tuned 
from nanorods to radiated dendrites by changing the coordination capability 
of the surface ligand. Due to the structural matching and multivalent interac-
tions, Zn2GeO4:Mn radiated dendrites show strong adhesion affinity toward 
organisms. Moreover, the porous radiated structure offers Zn2GeO4:Mn 
with a large surface area for photocatalysis. Efficient bacterial adhesion and 
good long persistent photocatalysis activity are observed in the Zn2GeO4:Mn 
radiated dendrites, which endows Zn2GeO4:Mn with persistent antibacterial 
activity even in the dark. Further, the Zn2GeO4:Mn spike flowers loaded fab-
rics exhibit potent persistent antibacterial properties. Mask and towel fabri-
cated with the antibacterial fabrics can inhibit bacterial growth effectively and 
no bacteria are observed to pass through the antibacterial mask, suggesting 
that antibacterial mask can guarantee our health and can be utilized repeat-
edly. The developed Zn2GeO4:Mn dendrites possess ideal ability in long-term 
bacterial inhibition, making them valuable in the fields of medical protection 
and food packaging.

interactions.[2] For instance, viruses show 
rough topologies due to the spiky proteins 
on their surface, and these proteins can 
enhance the binding strength between 
viruses and the host cell by forming multi­
valent interactions.[3] Plant pollen grains 
can easily adhere to the legs of bees and 
other insects with their surface sharp 
raised structures for pollen spreading and 
pollination.[1e] In deed, functional mate­
rials with radiated topological structure 
possess abundant surface active sites and 
can achieve high-affinity recognition for 
applications ranging from catalysis to 
immunotherapy.[4] Studies reported that 
SiC@MoS2 nanoparticles with radiated 
morphology displayed excellent photocata­
lytic behavior due to their large exposed 
surface active sites.[4a] Further, TiO2 spiky 
microparticles can activate immune 
response through their multivalent inter­
action with the cell membrane.[1c] These 
studies show that the properties and func­
tions of materials are strongly dependent 
upon their morphologies. Developing 

functional materials with controllable topological structure can 
deepen our understanding on the structure-performance rela­
tionships of these materials and provide valuable tools for fields 
including biomedicine and energy.

Topological structure refers to the surface structure with 
roughness, pore, or certain orientation.[5] Topological structure 
introduces abundant active sites and spatial orientation to the 
binding between topological materials and organisms, leading 
to the formation of multivalent interactions. The multivalent 
interactions can enhance the binding affinity of materials to 
organisms and promote their exchange of matter or energy.[6] 
Principally, the topological structure of materials is derived 
from the different growth rates of crystallographic facets.[7] 
During the growth of the materials, ligands in the reaction 
system can inhibit the growth of crystallographic facets by coor­
dinative binding with the surface exposed metal ions, leading 
to the generation of crystals with certain topological structure.[8] 
Therefore, ligand-based molecular coordination strategy is a 
promising method for regulating the topological structure of 
functional materials.

Here, we reported a molecular coordination method to regu­
late the topological structure of persistent phosphors. Specifically, 
by changing the coordination ability of the organic amine in the 
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reaction system, the topological structure of Zn2GeO4:Mn persis­
tent phosphors can be well-tuned from nanorods to flower-like 
radiated dendrites. The Zn2GeO4:Mn radiated dendrites show 
strong adhesion affinity toward bacteria. Moreover, owing to their 
long persistent photocatalysis (LPPC) function,[9] Zn2GeO4:Mn 
can efficiently produce reactive oxygen species (ROS) to inhibit 
bacterial growth even in the dark. The Zn2GeO4:Mn radiated 
dendrites were further loaded into fabrics, and the fabrics exhib­
ited excellent antibacterial properties. Mask and towel fabricated 
with the antibacterial fabrics showed obviously reduced bacte­
rial residue compared to their commercial counterparts. The 
reported molecular coordination method paves the way for the 
design of nature-inspired topological materials, and the obtained 
Zn2GeO4:Mn radiated dendrites have broad application prospects 
in the fields of industry and medical equipment.

2. Results and Discussion

2.1. Characterization of Zn2GeO4:Mn Radiated Dendrites

The topological Zn2GeO4:Mn radiated dendrites were pre­
pared by the molecular coordination method. As shown in 
Figure  1a, uniform Zn2GeO4:Mn flower-like dendrites with 
dense and sharp spikes were obtained by using triethylenetet­
ramine as the ligand. The mean size of the dendrites was about 
7 µm (Figure S1, Supporting Information). Elemental mapping 
images and EDX analysis show the homogeneous distribution 
of Zn, Ge, O, and Mn in the Zn2GeO4:Mn dendrites (Figure 1b; 

Figure S2, Supporting Information). Nitrogen adsorption and 
desorption isotherms of Zn2GeO4:Mn dendrites exhibit a typ­
ical type-IV curve, indicating the presence of mesopores in the 
dendrites (Figure S3, Supporting Information).[2a] The porous 
structure of Zn2GeO4:Mn dendrites is favorable for the diffu­
sion of active molecules including ROS within the dendrites. 
The dendrites possess a large Brunauer–Emmett–Teller surface 
area of 15.801 m2·g−1, which can afford rich active sites for sur­
face adhesion and photocatalytic ROS generation. According to 
our previous studies, Zn2GeO4:Mn can store excitation energy 
in its intrinsic defects, and further produce persistent lumi­
nescence after the stoppage of excitation.[9b,10] The presence 
of defects was confirmed by the symmetric absorption peak 
detected in an electron paramagnetic resonance (EPR) assay 
(Figure S4, Supporting Information). Strong long-lifetime 
emission is detected in the Zn2GeO4:Mn dendrites (Figure 1c). 
The emission peak at 536 nm is ascribed to the character­
istic 4T1–6A1 transition of Mn2+.[10a] The excitation spectrum of 
Zn2GeO4:Mn dendrites show a strong excitation band around 
330 nm (Figure S5, Supporting Information). The lumines­
cence images of Zn2GeO4:Mn dendrites before and after 
excitation ceases were collected with a commercial camera 
(Figure  1d). The Zn2GeO4:Mn dendrites exhibit intense green 
emission under the illumination, and strong persistent lumi­
nescence is observed after the removal of excitation (Figure 1d; 
Video S1, Supporting Information). The persistent lumines­
cence of Zn2GeO4:Mn dendrites was further studied. The 
Zn2GeO4:Mn dendrites exhibit strong persistent luminescence 
and long decay time over 2 h (Figure  1e), which indicates the 

Figure 1.  a) SEM image and b) elemental mapping images of the Zn2GeO4:Mn radiated dendrites. c) Phosphorescence spectrum of Zn2GeO4:Mn 
radiated dendrites. d) The luminescence images of Zn2GeO4:Mn radiated dendrites before and after excitation ceases. e) Images of the persistent 
luminescence decay of Zn2GeO4:Mn radiated dendrites.
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presence of a large number of defects in Zn2GeO4:Mn den­
drites. The photoluminescence decay curve of the Zn2GeO4:Mn 
dendrites was presented in Figure S6, Supporting Information 
and the average photoluminescence lifetime is about 4.6 ms, 
indicating the presence of long-lived photo-excited electrons in 
the Zn2GeO4:Mn.The abundant defects in Zn2GeO4:Mn den­
drites can efficiently store the excitation energy, and the stored 
energy can be slowly released to continuously produce ROS 
in the dark. Altogether, the prepared Zn2GeO4:Mn dendrites 
possess radiated topological structure, large surface area, and 
excellent photo-energy trapping capacity, which empowers the 
dendrites with great potential for high-affinity bio-adhesion and 
persistent photocatalysis.

2.2. The Regulation of the Topological Structure of Zn2GeO4:Mn

The topological structure of the Zn2GeO4:Mn can be easily 
regulated by changing the coordination capability of the 

amine ligand in the reaction system. Figure  2a shows that 
Zn2GeO4:Mn nanorods with irregular length and diameter are 
obtained when pure water is used as the solvent. The intro­
duction of amine ligands with different coordination abilities 
including ethylenediamine, butanediamine, and diethylenetri­
amine produced a series of Zn2GeO4:Mn dumbbell-like spiky 
dendrites (Figure  2b–d; Figure S7, Supporting Information). 
It is noteworthy that the spikes in the Zn2GeO4:Mn dumbbell-
like dendrites synthesized with different ligands show variable 
diameters, decreasing from 214.1 to 59.8 nm with the increased 
number of amino groups in the ligand (Figure S8, Supporting 
Information). When triethylenetetramine was used as the 
ligand, nearly spherical Zn2GeO4:Mn flower-like dendrites were 
obtained, and the diameter of spikes composing the dendrites 
was about 25 nm (Figure  2e; Figure S8, Supporting Informa­
tion). With the increase of amino groups in the ligand, the 
morphology of Zn2GeO4:Mn changed from nanorod to dumb­
bell and finally to sphere, and at the same time, the diameter 
of the spikes composing the dendrites decreases gradually. 

Figure 2.  The structure of the used ligand, the schematic illustration, and SEM images of Zn2GeO4:Mn persistent phosphors synthesized with a) pure 
water, b) ethylenediamine/water, c) butanediamine/water, d) diethylenetriamine/water, and e) triethylenetetramine/water.
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Besides, the crystal structure and luminescence properties of 
Zn2GeO4:Mn are not affected by the coordination capability of 
the ligand (Figures S9 and S10, Supporting Information). These 
results imply that the topological structure of the Zn2GeO4:Mn 
persistent phosphors can be well-regulated by changing the 
coordination capability of the ligand in the reaction system.

The regulation of the topological structure of Zn2GeO4:Mn 
persistent phosphors is based on the solvent coordination 
molecular template mechanism.[11] During the solvothermal 
reaction, the organic amines can serve as a structure-directing 
reagent for the formation of topological Zn2GeO4:Mn persistent 
phosphors.[12] At the initial stage of the reaction, seed crystals 
are formed and aggregated orderly to generate the Zn2GeO4:Mn 
crystal nucleus.[12a,13] The -NH2 groups of the organic amines 
selectively bind to specific crystallographic facets of the 
Zn2GeO4:Mn nucleus by coordinating with the surface metal 
ions.[14] The energy and growth rate of the amine-bound facets 
are reduced, whereas the growth of the unbound facets is not 
influenced.[4b] The many unbound facets serve as the nuclei 
sites for the growth of Zn2GeO4:Mn nanocrystals, which leads 
to the generation of the branched topological structure of 
Zn2GeO4:Mn dendrites over time. The morphology and diam­
eter of the spikes composing the Zn2GeO4:Mn dendrites are 
also regulated by the organic amines. The (110) and (113) planes 
of the spikes are clearly observed in the HRTEM images of 
Zn2GeO4:Mn dendrites (Figure S11, Supporting Information). 
The lattice fringes of the (110) plane are parallel to the direction 
of spikes grows, and the (113) plane is at an angle of 66° with 
the spike direction. The HRTEM images reveal that the organic 
amines preferentially bind to the (110) plane to inhibit its growth, 
and the spikes grow along the (001) plane of Zn2GeO4:Mn 
phosphors to form the rod-like structure (Figures S12–S15,  
Supporting Information).[12a] Moreover, the multidentate ligands 
exhibit enhanced binding strength and coordination capability 
compared with bidentate ligands due to their multiple anchor 
atoms.[15] Thus the diethylenetriamine and triethylenetetramine 
with multiple anchor atoms show enhanced binding affinity to 
the (110) plane than ethylenediamine and butanediamine. That 
is, the inhibitory effect of diethylenetriamine and triethylene­
tetramine on the growth of the (110) plane was enhanced, thus 
the crystal grew along the (001) plane to form the spikes with a 
smaller diameter. The above analysis shows that the topological 
structure of Zn2GeO4:Mn persistent phosphors can be easily 
regulated by the molecular coordination method.

2.3. The Persistent Antibacterial Activity of Zn2GeO4:Mn  
Radiated Dendrites

Since radiated substances in nature show enhanced adhesion 
toward organisms, the radiated topological structure may also 
endow the Zn2GeO4:Mn dendrites with enhanced adhesion 
to bacteria or cells. In a proof of concept study, the adhesion 
properties of Zn2GeO4:Mn dendrites to bacteria were studied 
by taking Escherichia coli as a model, and the Zn2GeO4:Mn 
nanorods were used as a control (Figures S16–S18, Supporting 
Information). The materials-bacteria adhesion was directly 
observed with confocal fluorescence microscopy after incu­
bating E. coli with the Zn2GeO4:Mn flower-like dendrites and 

Zn2GeO4:Mn nanorods, respectively. As shown in Figure 3a and 
Figure S19, Supporting Information, most E. coli (red channel) 
were observed to adhere to the Zn2GeO4:Mn dendrites (green 
channel). Whereas the binding between nanorods and E. coli 
was significantly weaker than that of the dendrites and E. coli, 
indicating that the Zn2GeO4:Mn dendrites possess enhanced 
adhesion toward bacteria. The enhanced bacterial adhesion 
of Zn2GeO4:Mn dendrites can be ascribed to the structural 
matching and multivalent interactions between the spikes and 
the rough bacteria surface.

Furthermore, the LPPC activity of the Zn2GeO4:Mn was 
investigated by measuring the ROS produced in dark by 
the pre-illuminated Zn2GeO4:Mn. Figure  3b shows the 
concentration-dependent ROS production of the Zn2GeO4:Mn 
dendrites and Zn2GeO4:Mn nanorods in the dark by using 
2′,7′-dichlorofluorescin (DCFH) as the fluorescence probe. 
Increased fluorescence intensity of 2′,7′-dichlorofluorescein 
(DCF) was detected when incubated DCFH with increased 
concentration of pre-illuminated Zn2GeO4:Mn dendrites or 
Zn2GeO4:Mn nanorods (Figure S20, Supporting Information), 
which confirms the LPPC activity of Zn2GeO4:Mn. Moreover, a 
higher amount of ROS production by Zn2GeO4:Mn dendrites 
is observed compared with Zn2GeO4:Mn nanorods, which can 
be ascribed to the higher specific surface area of Zn2GeO4:Mn 
dendrites in providing abundant active sites for ROS genera­
tion (Figure S3, Supporting Information). In addition, ROS 
production of Zn2GeO4:Mn also increases with the increase 
of pre-illumination time (Figure S21, Supporting Informa­
tion). EPR was further carried out to investigate the ROS for­
mation by the pre-illuminated Zn2GeO4:Mn dendrites, and 
2,2,6,6-tetramethylpiperidine (TEMP) was used as a specific 
spin trapper. The characteristic EPR spectrum with three 
equally intense lines of 2,2,6,6-tetramethylpiperidine 1-oxyl 
(TEMPO) indicates the generation of singlet oxygen by the pre-
illuminated Zn2GeO4:Mn dendrites (Figures S22 and S23, Sup­
porting Information).[16] The EPR assay further confirms the 
good photocatalytic capability of the Zn2GeO4:Mn dendrites in 
the dark, suggesting the potential applications of Zn2GeO4:Mn 
dendrites in areas such as bacterial ablation and photodynamic 
therapy.

The good bacterial adhesion ability and LPPC activity 
encouraged us to explore the application of Zn2GeO4:Mn 
flower-like dendrites in persistent photocatalytic bacterial inac­
tivation. The persistent antibacterial activity of pre-illuminated 
Zn2GeO4:Mn dendrites and Zn2GeO4:Mn nanorods was further 
examined. As shown in Figure  3c, reduced colony number is 
observed with the increased concentrations of pre-illuminated 
Zn2GeO4:Mn dendrites and nanorods, suggesting that the anti­
bacterial effect of Zn2GeO4:Mn was concentration-dependent. 
Almost all of the bacteria were killed by pre-illuminated 
Zn2GeO4:Mn dendrites at the concentration of above 80 µg mL−1  
in the dark. Whereas the bacterial inactivation percentage 
for pre-illuminated Zn2GeO4:Mn nanorods under the same 
concentrations was about 80%, much lower than that of 
Zn2GeO4:Mn dendrites (Figure  3d). The antibacterial perfor­
mance of the pre-illuminated Zn2GeO4:Mn dendrites shows 
time-dependent feature, and almost all of the bacteria were 
killed after incubating the bacteria with the Zn2GeO4:Mn den­
drites for 1.5 h (Figure S24, Supporting Information). Moreover, 
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we noticed that Zn2GeO4:Mn dendrites and Zn2GeO4:Mn 
nanorods can also kill bacteria partially even without pre-
illumination (Figure  3e), which can be explained by the fact 
that the spikes on the surface of the dendrites and the sharp 
nanorods can act as a surgical knife to lancinate bacteria.[17] 
The better antibacterial performance of Zn2GeO4:Mn dendrites 
can be ascribed to the enhanced adhesion toward bacteria and 
better LPPC activity than nanorods. The antibacterial effect of 
pre-illuminated Zn2GeO4:Mn dendrites and nanorods toward 
Gram-positive bacteria Staphylococcus aureus was further inves­
tigated (Figure S25, Supporting Information), and good bacte­
rial inhibition effect is observed, demonstrating the universal 
antibacterial capacity of the Zn2GeO4:Mn. Compared with 
traditional photocatalysts, the Zn2GeO4:Mn dendrites can not 
only kill bacteria under excitation but can also inhibit bacterial 
growth continuously after excitation ceases. The persistent anti­
bacterial activity of Zn2GeO4:Mn dendrites in the dark can open 

up new potentials such as continuous solar-powered bacterial 
inhibition during the daytime and at night. Collectively, the 
above results demonstrate that the Zn2GeO4:Mn dendrites with 
radiated topological structure and LPPC activity can adhere to 
and inactivate bacteria effectively, and the persistent antibacte­
rial activity makes Zn2GeO4:Mn dendrites valuable in long-term 
environmental and medical protection.

2.4. The Antibacterial Mechanism of the Zn2GeO4:Mn  
Radiated Dendrites

To investigate the possible antibacterial mechanism of the 
Zn2GeO4:Mn dendrites, the bacterial structure and intracellular 
redox status of E. coli were further investigated. The morpho­
logical change of E. coli was visualized using SEM to investi­
gate the effect of Zn2GeO4:Mn dendrites on bacteria. As shown 

Figure 3.  a) The confocal fluorescence images of E. coli adhered with Zn2GeO4:Mn dendrites and nanorods, green: Zn2GeO4:Mn; red: E. coli. b) ROS 
production of the pre-illuminated Zn2GeO4:Mn dendrites and Zn2GeO4:Mn nanorods with different concentrations in the dark. c) Photographs of colo-
nies of E. coli after being incubated with 0, 20, 40, 60, 80, and 100 µg mL−1 Zn2GeO4:Mn dendrites and Zn2GeO4:Mn nanorods dispersion. The relative 
bacterial survival rate of E. coli after incubation with 0, 20, 40, 60, 80, and 100 µg mL−1 Zn2GeO4:Mn dendrites and Zn2GeO4:Mn nanorods dispersion 
d) with pre-illumination and e) without pre-illumination in the dark for 2 h.
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in Figure 4a, untreated E. coli is rod-shaped with an intact and 
smooth surface. Figure 4b shows that damaged cell walls with 
the holey surface can be clearly observed from E. coli treated 
with the un-illuminated Zn2GeO4:Mn dendrites. The damage of 
the cell wall by the Zn2GeO4:Mn dendrites can be ascribed to 
mechanical pressure from spikes.[17] As observed in Figure 4c, 
the morphology of E. coli is significantly changed after incuba­
tion with pre-illuminated Zn2GeO4:Mn dendrites. Obviously, 
the cell wall loses integrity and becomes partially wrinkled, 
and collapsed structures are also observed on the surface of 
E. coli. It is worth noting that the damage on E. coli caused by 
pre-illuminated Zn2GeO4:Mn dendrites is severe than that of 
the un-illuminated Zn2GeO4:Mn dendrites, indicating that the 
ROS generated by pre-illuminated Zn2GeO4:Mn dendrites can 
further aggravate the destruction of the cell wall. The morpho­
logical change shows the serious damage of bacteria cell wall 
by the Zn2GeO4:Mn dendrites, and such damage inevitably 
leads to bacterial death. Since the antibacterial effect of the 
Zn2GeO4:Mn dendrites is closely related to their ROS produc­
tion, the total ROS produced in E. coli treated with Zn2GeO4:Mn 
dendrites was further examined by fluorescence assay. As 
shown in Figure  4d, increased fluorescence intensity is 
observed in E. coli exposed to un-illuminated Zn2GeO4:Mn den­
drites and Zn2GeO4:Mn nanorods, which can be ascribed to the 
cell wall destruction of bacteria triggered by the sharp radiated 
spikes in Zn2GeO4:Mn dendrites and nanorods. Furtherly, the 
bacteria treated with pre-illuminated Zn2GeO4:Mn dendrites 
and Zn2GeO4:Mn nanorods produce more potent fluorescence 

signal than that of the Zn2GeO4:Mn without pre-illumination 
(Figure  4e). The significantly increased ROS production in  
E. coli treated with pre-illuminated Zn2GeO4:Mn dendrites 
is well consistent with the results observed by SEM. These 
results suggest that intracellular ROS production in E. coli 
can be ascribed to the synergy effect of sharp spikes and sin­
glet oxygen generation in Zn2GeO4:Mn dendrites, which can 
destroy the cell wall and cell organelles directly. Altogether, 
the above results indicate that the oxidative stress triggered by 
mechanical pressure and ROS are probably the reasons for bac­
terial inactivation by the Zn2GeO4:Mn dendrites.

2.5. The Antibacterial Properties of Zn2GeO4:Mn  
Dendrites-Coated Fabrics

The development of antibacterial fabrics has attracted 
increasing attention as bacteria in fabrics lead to serious prob­
lems to public health. Antibacterial fabrics could effectively kill 
the bacteria and reduce disease infections, and have played 
important roles in fields including hygiene, medicine, etc. Ben­
efiting from their enhanced adhesion ability and intriguing 
antibacterial activity, we strive to develop antibacterial fabrics 
based on the Zn2GeO4:Mn flower-like dendrites (Figure 5a). The 
antibacterial fabrics were obtained by depositing Zn2GeO4:Mn 
dendrites on fabrics via a simple immersion method. As evi­
denced by SEM, Zn2GeO4:Mn dendrites are layered on the 
fibers of fabric uniformly, whereas the uncoated fabric looks 

Figure 4.  The SEM images of a) untreated E. coli, b) E. coli treated with Zn2GeO4:Mn dendrites without pre-illumination and c) with pre-illumination 
in the dark for 2 h, respectively. Intracellular ROS production of treated E. coli with 0, 20, 40, 60, 80, and 100 µg mL−1 Zn2GeO4:Mn dendrites and 
Zn2GeO4:Mn nanorods d) without pre-illumination and e) with pre-illumination in the dark for 2 h.
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smooth (Figure 5b,c; Figures S26 and S27, Supporting Informa­
tion). The successful integration of Zn2GeO4:Mn dendrites into 
the fabric can be attributed to the enhanced adhesion affinity of 
radiated spikes toward fiber in fabric. The antibacterial activity 
of fabrics coated with 0.5, 1, and 2 mg mL−1 of Zn2GeO4:Mn 
dendrites (namely coated-0.5, coated-1, and coated-2) was evalu­
ated by exposing the fabrics to E. coli suspension (Figure 5d). As 
anticipated, the Zn2GeO4:Mn dendrites-coated fabrics exhibit a 
significant decrease in the bacterial population, and the bacte­
rial reduction rate of coated fabrics shows a close correlation 
with the illumination time and the concentration of coated 
Zn2GeO4:Mn dendrites, whereas the uncoated fabric shows no 
antibacterial activity. The excellent antibacterial activity of the 
developed fabrics can be ascribed to the good adhesion affinity 
and photocatalytic activity of the Zn2GeO4:Mn dendrites. When 
the antibacterial fabrics are exposed to bacteria, the dendrites 
in the fabrics can capture bacteria and further produce ROS 
for bacterial inactivation. These results confirm the successful 
fabrication and the potent antibacterial performance of the 
Zn2GeO4:Mn dendrites-based antibacterial fabrics.

2.6. The Zn2GeO4:Mn Dendrites Loaded Fabrics Used  
for Daily Personal Protection

The robust antibacterial performance of antibacterial fabrics 
encourages us to investigate the flexibility of the fabrics in 
various scenarios. As a proof of concept test, mask and towel 
were further fabricated by the antibacterial fabrics to verify the 
wide application potential of the antibacterial fabrics in daily 

life. As shown in Figure 6a, the antibacterial fabric serves as 
the outer biocidal layer of antibacterial mask. The melt-blown 
fabric and uncoated-fabric are used as the interlayer and inner 
layer, respectively. The antibacterial capability of the obtained 
mask was studied by exposing the outer layer of the mask to 
E. coli aerosols. As shown in Figure 6b,c, the number of E. coli 
reduces significantly on each layer of antibacterial mask com­
pared with that of the commercial mask after illumination. It 
is worth noting that no E. coli are observed on each layer of 
the antibacterial mask, whereas a small amount of E. coli is 
observed on the inner layer of the commercial mask. These 
results demonstrate that the antibacterial mask can efficiently 
inactive the bacteria before they migrate from the outer layer 
to the inner layer of the mask. Whereas, bacteria can still pass 
through the commercial mask and may further be inhaled 
into our bodies, posing threats to our health. Therefore, the 
developed antibacterial mask can provide much stronger guar­
antee in preventing bacterial infections than its commercial 
counterparts. It is also worth noting that the reutilization and 
extended life of the antibacterial mask can be realized due 
to its potent ability in bacterial inhibition (Figure S28, Sup­
porting Information), which will be conducive to resource 
conservation and environmental protection. Likewise, anti­
bacterial towel based on Zn2GeO4:Mn dendrites was obtained 
with an antibacterial interlayer sandwiched between two layers 
of uncoated-fabric (Figure 6d). The antibacterial ability of the 
towel was determined after soaking the towel in the bacte­
rial suspension. The towel exhibited satisfactory antibacterial 
effect, and nearly all of the E. coli were killed (Figure  6e,f ). 
In contrast, countless bacteria can be seen on the common 

Figure 5.  a) Schematic illustration of Zn2GeO4:Mn dendrites coated fabric for photocatalytic antibacterial applications. The SEM images of b) uncoated 
fabric and c) Zn2GeO4:Mn dendrites coated fabric. d) The bacterial reduction rate of fabrics coated with 0.5, 1, and 2 mg mL−1 Zn2GeO4:Mn dendrites, 
uncoated fabric, and without fabric.
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towel without Zn2GeO4:Mn dendrites coating. Taken together, 
the results suggest the feasibility and flexibility of antibacte­
rial fabrics for infection prevention in practical application. 
Besides antibacterial masks and towels, the antibacterial fab­
rics are desirable to develop more multifunctional fabrics 
based protective and coating products.

3. Conclusion

In summary, a series of Zn2GeO4:Mn persistent phosphors 
with different surface topologies were prepared through a 
molecular coordination method. By changing the coordination 
capability of ligand used in the reaction system, the topolog­
ical structure of the Zn2GeO4:Mn phosphors can be regulated 
from nanorods to radiated dendrites. Due to the radiated sur­
face topologies mediated multivalent interactions and LPPC 
activity, Zn2GeO4:Mn radiated dendrites exhibit strong bacte­
rial adhesion capacity and persistent photocatalytic antibacte­
rial properties. Furthermore, Zn2GeO4:Mn dendrites coated 
fabrics were developed and displayed potent bacteria inactiva­
tion effect. The antibacterial mask and towel fabricated with 
Zn2GeO4:Mn dendrites coated fabrics displayed more efficient 

bacterial inhibition ability compared to their commercial and 
common counterparts. Particularly, the developed antibacte­
rial mask can effectively prevent the passage of bacteria, and 
provide a much stronger safety guarantee for us. The devel­
oped molecular coordination method provides a pathway 
for the rational design of nature-inspired functional mate­
rials with controllable surface topologies, and the obtained 
Zn2GeO4:Mn persistent radiated dendrites show great poten­
tial for applications in public health settings, packaging, and 
surgical equipment.
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