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Abstract  1 

The deposition of powdered MOFs material onto other substrates is essential to avoid 2 

inconvenience during its practical applications. In this work, domestic silk fiber was 3 

utilized as the skeleton, for successful coating of dense luminescent MOF-76(Tb). Its 4 

surface functionality which consist of abundance of intrinsic carboxylic groups, smooth 5 

surface structure, and 80% of tensile strength were maintained after being immersed in 6 

different thermal solvents (water, ethanol, DMF @ 80 °C) for 24 h, revealing good 7 

solvent and thermal resistance. By using hydrothermal, microwave assisted, and layer-8 

by-layer methods, different crystal morphologies (pillar-like, sedimentary-rock-like, 9 

and needle-like morphology) and varying degrees of surface coverage rate were 10 

obtained, as a result of different levels of anchoring promotion and crystal controlling 11 

effect. The MOFs coating can be confirmed by its XRD pattern and fluorescent property. 12 

More importantly, the quenching effect of the composite in a condition of Cu2+ was first 13 

reported with high selectivity, sensitivity (i.e. a linear detection concentration range of 14 

10−3–10−5 M with a low detection limit up to 0.5 mg/L, KSV of 1192 M-1 at 293 K), and 15 

rapid response time (5 min), making the composite a good candidate for colorimetric 16 

and fluorescent detection of aquatic Cu2+. The quenching mechanism is proposed to 17 

associate with the interaction between Cu2+ and benzene-tricarboxylate (BTC) ligand, 18 

which resulted in the decrease of energy transfer efficiency. The selectivity over other 19 

common cations depends on the unsaturated electron configuration and the smaller 20 

ionic radius of Cu2+. 21 

Keywords: MOF-76(Tb); natural silk fiber; dense coating; Cu2+ detection   22 
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1. Introduction 1 

Metal–organic frameworks (MOFs), in which metal ions act as coordination centers 2 

and link together with organic ligands through self-assembly processes [1], have been 3 

extensively studied for various applications in the past two decades [2, 3]. Recently, 4 

lanthanide-based MOFs, one type of MOFs materials possessing unique luminescence 5 

properties such as high luminescence quantum yield, long-lived emission, large Stokes 6 

shifts, and characteristically sharp line emissions [4-6], have attracted considerable 7 

attention due to their marketable potential for chemical sensing [7-9]. In theory, the 8 

combination of luminescence and accessible porosity within MOFs confers these 9 

materials with detection capacity through the luminescence intensity change [8], thus 10 

making them become promising candidates in chemical sensing. Among the various 11 

kinds of lanthanide-based MOFs materials that have been developed, 12 

Tb(BTC)(H2O)1.5·(DMF) labeled as MOF-76(Tb), outperforms other materials due to 13 

its simple work-up procedure, mild reaction conditions, high yield, and high purity [10]. 14 

Furthermore, owing to its luminescent properties, MOF-76(Tb) has been explored for 15 

detection of F
— [11], U(VI) [12], aromatic pollutants [13], and small organic molecules 16 

[14, 15], etc., thus, exhibiting promising detection potential. 17 

Although the usage of luminescent MOFs for sensing has been attempted, the 18 

inherent characteristics of powdered materials are considered to restrict their further 19 

application in real practice. Especially, fluorescent sensing in the homogeneous phase 20 

is not suitable for enrichment and removal of target species [16-18]. To date, MOFs as 21 

components of a commercial functional sensing device, have not been reported [19]. 22 
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When being used as sensors, catalytic coatings, filters, or other devices, the deposition 1 

of MOFs onto solid substrate is essential and is recognized as one of the most critical 2 

issues [20-23]. Some trials have been done to prepare a luminescent MOFs material-3 

coated magnetic sphere, for easy recycling of the sensor material [7]. Meanwhile, 4 

considerable work have been done on deposition of thin MOFs films onto different 5 

substrates, such as polyester fabric [24], pulp fibers [25], and porous alumina [20], 6 

yielding suitable materials for sensors. For all these substrate materials, however, their 7 

functionalization through atomic layer deposition (ALD) coating or formation of self-8 

assembled monolayers (SAMs) is required as pretreatment [26], thereby increasing the 9 

complexity and cost of the whole process. 10 

The silkworm fibroin (domestic silk), mainly consisting of glycine, alanine and 11 

sericine [27], is a fibrous protein and has been universally established as one kind of 12 

textile fibers due to its unique handle and mechanical properties. The repeated -Gly-13 

Ala-Gly-Ala-Gly-Ser- motif in fibroin contributes a lot to the strength and stiffness of 14 

the silk, through the formation of high volume fraction of β-sheet microcrystallites [28]. 15 

In addition, theoretically, no functionalization or pretreatment is needed when fibroin 16 

fiber is used as the substrate because the reactive carboxylic groups are abundant on its 17 

surface, which are essential for the deposition of the initial MOFs layer [9, 29, 30]. 18 

Whereas further verifications for its solvent resistance and thermal stability are 19 

necessary because these properties generally dictate the possible utilization of 20 

composite in practice. Given that the procedure for deposition usually determines the 21 

quality of the coated MOFs layer, various synthesis methods can be applied for the 22 
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deposition of MOF material onto the silk fibroin fiber [24, 31], which may offer 1 

different coating efficiency and performance.  2 

Copper (II) (Cu2+) is a typical micronutrient element. Excessive exposure to copper 3 

should be avoided due to its negative impact on human health [32]. However, copper 4 

pollution in waterbodies has frequently occurred in the past decades because of 5 

uncontrolled anthropogenic activities [33]. Thus, highly sensitive and selective methods 6 

for fast and reliable sensing of Cu2+ are crucial for water environment protection and 7 

human health safety. Among the various methods developed for the detection of trace 8 

copper in aquatic environment, the fluorescence-based method shows considerable 9 

application potential because of its simplicity, quick response time for on-site analysis, 10 

and cost-effective instrumentation, which can be easily assembled in small and low-11 

power packages [7, 16, 34, 35]. 12 

In this work, natural fibroin fiber was selected as the substrate for the deposition of 13 

MOF-76(Tb). The solvent resistance and the surface property of the silk substrate were 14 

investigated. The coating efficiency of three methods, namely hydrothermal (HT), 15 

microwave assisted (MWA), and layer-by-layer (LBL) methods were compared with 16 

related factors being analyzed. In addition, this work for the first time, demonstrated 17 

the extended usage of the MOF-76(Tb)@silk fiber composite for 18 

fluorescent/colorimetric sensing of copper ion (Cu2+). 19 

2. Experimental section 20 

2.1. Materials  21 

All materials and chemicals were of reagent grade and used without further 22 
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purification. Terbium nitrate hexahydrate and 1,3,5-benzenetricarboxylic acid were 1 

purchased from Alfa Aesar. Metal nitrates (potassium nitrate, sodium nitrate, aluminum 2 

nitrate, iron nitrate, calcium nitrate, lead nitrate, nickel nitrate, zinc nitrate, cadmium 3 

nitrate, and copper nitrate) and organic solvents (ethanol, methanol, N,N-4 

dimethylformamide (DMF), and n-hexane) were supplied by Sinoreagent. Silkworm 5 

cocoons were purchased from a local silk farm in China. Deionized water was used 6 

throughout this work. 7 

Silk fibroin fiber was prepared from silkworm cocoon through a degumming 8 

procedure, so as to remove the coat of sericin proteins [36-38]. The degumming 9 

treatment was processed according to a previous study [28]. The procedure is as follows: 10 

the silkworm cocoons were first rinsed in water to get rid of the surface contaminants 11 

and were then cut into small fragments with an average size of 1 cm2. Then, the silk 12 

fiber was degummed in boiling water for 30 min. In order to ensure maximum sericin 13 

removal, the fine fibers were further degummed in a 0.1M Na2HCO3 solution at 90–14 

100 °C for 30 min and washed with deionized water for 3 times. Finally, the sample was 15 

dried at 100 °C for 6 h before testing and further usage.   16 

2.2. Material characterization 17 

Fourier transform infrared (FTIR) spectra of the silk fiber, before and after immersion 18 

were obtained using a FTIR spectrophotometer (Nicolet 5700, USA). Scanning electron 19 

microscopy (SEM) images were observed using a field emission scanning electron 20 

microscope (FESEM) on a JEOL JSM-5400 system, at an accelerating voltage of 15 21 

kV. The mechanical property of the silk fiber was measured by an electronic universal 22 
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testing machine (UTM 2502, China). The crystal structure of the coated material was 1 

obtained by X-ray powder diffractometer (XRD, D8 Advance, Germany), and the data 2 

was processed in a continuous scanning mode within the range of 3°–50°, at a step 3 

width of 0.02° and scanning speed of 5°/min. 4 

2.3. Preparation of MOF-coated silk fibers 5 

Three synthesis methods, i.e. HT, MWA and LBL, were applied for MOF-coated silk 6 

fiber preparation and then compared in this study. 7 

In the typical HT method, 0.120 g of Tb(NO3)3·6H2O (0.28 mmol) and 0.020 g of 8 

H3BTC (0.10 mmol) were dissolved in the mixture of DMF (4.0 mL), ethanol (4.0 mL), 9 

and H2O (3.2 mL). Then the reaction mixture was stirred for 1 h and later poured into 10 

a solvothermal vessel containing 70 mg of silk fiber. The vessel was sealed and heated 11 

to 80 °C at a rate of 2 °C/min for 24 h to obtain white precipitates. The obtained materials 12 

were washed with ethanol and dried at 80 °C in vacuum for further use [39]. 13 

In the typical MWA synthesis [13], the same mixture solution used in the HT method 14 

was transferred into a microwave vessel containing 70 mg of silk fiber. Then the vessel 15 

was sealed and heated to 80 C at a heating rate of 2 C /min for a certain amount of 16 

time. The obtained white precipitates were washed thrice with ethanol and then dried 17 

in vacuum for further use. 18 

In the typical preparation by the LBL method [40], a mixture of Tb(NO3)3·6H2O 19 

(0.120 g, 0.28 mmol), DMF (4.0 mL), ethanol (4.0 mL), and H2O (3.2 mL) was termed 20 

as the precursor solution A. The precursor solution B was the mixture of H3BTC (0.120 21 

g, 0.28 mmol), DMF (4.0 mL), ethanol (4.0 mL), and H2O (3.2 mL). The weighed silk 22 
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fibers (70 mg) were dipped in solutions A and B for 4 h, alternatively. After each 1 

dipping, the silk fiber was rinsed in ethanol to remove the unreacted precursor. After a 2 

few preparation cycles, the samples were dried in vacuum for further use. 3 

2.4. Luminescent sensing procedures 4 

All the luminescence sensing measurements were performed at room temperature by 5 

a Horiba FluoroMax-4 spectrofluorophotometer with the range of 450–650 nm having 6 

a fixed excitation wavelength of 303 nm. The luminescence intensity was evaluated by 7 

the intensity of the strongest emission (5D4 → 7F5 transition) at 548 nm [41]. The 8 

quenching effect was determined by the intensity variation of the MOF-76(Tb)@silk 9 

fiber composite before and after the addition of analyte solution.  10 

3. Results and discussion 11 

3.1. Surface properties of silk fiber and its solvent resistance 12 

 13 

Fig. 1 SEM image (a) and FTIR spectra (b) of the natural silk fibers used in this work. 14 

The SEM image (Fig. 1a) reveals the flattened shape of the pristine silk fiber at a 15 

high magnification, the smooth surface of which, in theory, makes it a good fit for 16 

coating MOFs material with low roughness [24]. In the IR spectra (Fig. 1b), the broad 17 
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peak at 3294.6 cm−1 (O–H stretching) and the intensive peak at 1678.4 cm−1 (C=O 1 

stretching) were ascribed to the stretching vibration of surface carboxylic groups 2 

formed from the polymerization of typical amino acids like glycine and alanine [42-44]. 3 

The abundant carboxylate linkers on the surface of silk fiber suggest its great potential 4 

for coating MOFs material, as functionalization of the substrate surface is essential for 5 

the formation of MOFs coating [24, 31]. 6 

 7 

Fig. 2 FTIR spectra (a) and comparison in tensile strength (b) of silk fiber before and 8 

after immersion in various solvents at 80 °C for 24 h. 9 

To explore the thermal stability and solvent endurance of the silk fiber, the surface 10 

and mechanical properties were compared between the raw material and those after 11 

being immersed into the commonly used solvents (water, DMF, ethanol, and n-hexane) 12 

at 80°C (the synthesis temperature for MOF-76(Tb)). As shown in Fig. 2a, the primary 13 

peaks matched well with the raw material, indicating that the main surface functional 14 

groups could be maintained after immersion into the tested solvents (polar or nonpolar, 15 

organic and inorganic solutions) for 24 h. In addition, each fiber was well proportioned, 16 

with a smooth surface and devoid of any apparent deformation, fracture, fold, or 17 
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swelling (as shown in the Supplementary Materials, Fig. S1), thereby maintaining the 1 

structural properties of the raw silk fiber. In terms of mechanical property, although the 2 

tensile strength showed some slight decrease after immersion in the above mentioned 3 

solvents (Fig. 2b), the residual tensile strength (1.730 MPa, 1.749MPa, and 1.521MPa 4 

in water, methanol, and DMF, respectively) was sufficient for further coating operation 5 

and application of the composite material in real practice. 6 

3.2. Verification of the immobilized MOF-76 via different synthesis methods 7 

 8 

Fig. 3 XRD patterns of the simulated MOF-76(Tb) and MOF-76(Tb)@silk fiber 9 

composite prepared with three different approaches, i.e. hydrothermal (HT), layer-by-10 

layer (LBL) and microwave assisted (MWA) methods. 11 

The deposition of MOF-76(Tb) onto the silk fiber was confirmed by XRD patterns 12 

of the composite. As shown in Fig. 3, the XRD patterns of the composite material 13 

synthesized using three different methods (HT, MWA, and LBL) were identical with 14 

that of simulated MOF-76(Tb) pattern, suggesting the successful deposition of MOFs 15 

material onto the silk fiber surface [11, 12, 45]. The major diffraction peaks associated 16 
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with MOF-76(Tb) at 11 and 8 degrees were observed in all MOF-76(Tb) coated silk 1 

fiber samples [11, 14]. The weakened diffraction peak at 11 degrees was resulted from 2 

the combination of simulated MOF-76(Tb) spectrum with the silk fiber pattern. The 3 

additional broad diffraction peaks observed between 10 and 30 degrees were associated 4 

with the characteristic amorphous diffraction peaks of silk fiber [44]. 5 

To ensure the full activation of the MOFs coating and bulk MOFs powder, surface 6 

area analysis was performed in dynamic vacuum at 120 °C, which is the heat resistance 7 

temperature of the natural silk fiber. However, the surface area value was not 8 

measurable, indicating that the pores of the material were not accessible to N2. This 9 

phenomenon is consistent with the previous statements that MOF-76(Tb) does not 10 

allow N2 molecules to enter the pores. It becomes accessible only when the activation 11 

temperature is higher than 250 °C [10, 46, 47]. One notable phenomenon is that, after 12 

immobilization onto the silk fiber, the reported fluorescence enhancement effect of 13 

MOF-76(Tb) was maintained in the case of fluorine ion (Fig. S3), revealing no adverse 14 

effect of the deposition process on the fluorescent property and the guest molecule 15 

diffusion in the channels of MOF-76(Tb). Thus, the deposition of MOF-76(Tb) with 16 

the three different methods was successfully achieved with very limited impact on 17 

structural strength, surface area or fluorescence property. 18 

3.3. Pillar-like morphology and poor surface coating of MOF-76 via hydrothermal 19 

deposition 20 
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 1 

Fig. 4 SEM images of the MOF-76(Tb)@silk fiber composite prepared by the 2 

hydrothermal (HT) method: (a) the immobilized crystals perforated by silk fiber; and 3 

(b) the detached crystals entrapped by fiber net. 4 

With the HT method, the immobilized crystals revealed an overall morphology of a 5 

cubic column (Fig. 4a), which is characteristic of MOF-76(Tb) but about half of the 6 

length (40–50 µm) and consequently, half of the weight of conventional MOF-76(Tb) 7 

crystals (120 µm, as shown in Fig. S2) [13]. Notably, these crystals were perforated by 8 

silk fiber, indicating a process of gradual crystal growth on the fiber surface instead of 9 

adhering or attaching of the formed crystal to the fiber. According to the theory of self-10 

assembled monolayers (SAMs) [20, 31], the silk fiber was supposed to anchor the Tb3+ 11 

ions at first and then proceeded with the crystal growth through self-assembly process 12 

subsequently.  13 

Despite the fact that the fiber surface is rich in functional groups which are conducive 14 

to anchoring or coordinating with metal ions and then the formation of MOFs coatings, 15 

very few crystals were retained, while a large amount of the normal sized crystals 16 
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dropped and were entrapped by the fiber net (Fig. 4b). Two factors were proposed that 1 

brought about this poor coating efficiency. On one hand, inadequate anchoring of Tb3+ 2 

resulted in limited amount of nucleation sites for the subsequent crystal growth. On the 3 

other hand, the formed crystals were detached because of gravity effect. It can be 4 

concluded that only those MOFs crystals, having sufficient bonding force (enough 5 

nucleation sites) with the silk fiber and limited crystal size (weight), can work against 6 

gravity and remain on the surface. In summary, regarding the HT method, low surface 7 

coverage and loading rate was obtained, most probably due to the insufficient anchoring 8 

of metal precursors and the high detachment rate of normal sized crystals. 9 

3.4. Sedimentary-rock-like morphology and improved coating of MOF-76(Tb) via 10 

microwave assisted deposition 11 

Under the conditions of the MWA method, which involved soaking at a temperature 12 

of 80 C (at a heating rate of 2 C/min) for 4 h, a uniform sedimentary-rock-like crystal 13 

coverage was obtained (Fig. 5a). The crystal size (with a dimension of approximately 14 

10 µm in length and 5 µm in width and thickness) implies an even lighter weight than 15 

the pillar-like crystals, agreeing with the previously reported size reduction effect by 16 

using microwave or ultrasound method [48, 49]. In addition, the irregular shape of the 17 

crystals revealed that the process was performed by successively depositing the crystal 18 

flakes under continuous microwave impact. The enhanced microwave disturbance 19 

avoided the complete crystal growth, as that accomplished in a static environment, and 20 

instead, gave birth to a gradual deposition of crystal flakes. During the self-assembly 21 

processes, interactions between the organic and metal precursors created friction 22 
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between flakes, and between flakes and the fiber, which can compensate for gravity and 1 

avoid crystal detaching. Notably, an interesting phenomenon occurred, the crystals 2 

prepared with the same method but without silk fiber as substrate retained the 3 

conventional pillar-like shape. This can be explained by the isotropy of the synthesis 4 

environment. That is, the microwave disturbance effect was minimized in a 5 

homogeneous environment. 6 

 7 

Fig. 5 SEM images of the MOF-76(Tb)@silk fiber composite prepared by the 8 

microwave assisted (MWA) method: (a) the morphology of the immobilized crystals; 9 

and (b) the surface coverage of MOF-76(Tb) coating onto the silk fiber. 10 

In addition to the conversion of crystal morphology, an obvious improvement of 11 

crystal coverage was realized (Fig. 5b), revealing an enhanced process of anchoring 12 

Tb3+ to form the surface nucleation sites [24]. The higher anchoring efficiency is 13 

attributed to the enhanced microwave disturbance which promotes sufficient contact 14 

between the fiber and metal ions. To conclude, with the help of microwave disturbance, 15 

both increased amount of nucleation sites and limited crystal size/weight were achieved 16 
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simultaneously, resulting in improved surface coverage and loading rate of MOF-1 

76(Tb).  2 

3.5. Needle-like morphology and dense coating of MOF-76(Tb) via layer-by-layer 3 

deposition  4 

 5 

Fig. 6 SEM image of the MOF-76(Tb)@silk fiber composite prepared by the layer-by-6 

layer (LBL) method. 7 

For the composite prepared by the LBL method, the crystal surfaces of the coated 8 

MOF-76(Tb) were clearly distinguished (Fig. 6), reflecting an overall uniform needle-9 

like morphology and a further controlled crystal size (5–10 µm in length and <1 µm in 10 

width). In the above trials, with the HT and MWA method, the MOF-silk composite still 11 

had distinct fiber regions that remained exposed after immobilization of MOF-76. In 12 

contrast, by using the LBL method, the silk fibers could be completely coated with the 13 

MOF-76 crystal material. The deposition process was monitored by SEM imaging (Fig. 14 

7), which reflected obvious surface coverage improvement after each growth cycle. 15 
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More importantly, even after being washed several times with ethanol, the coated MOF-1 

76 crystals still remained on the fiber surface, revealing excellent binding force between 2 

the crystal and the silk fiber. 3 

 4 

Fig. 7 SEM images of the MOF-76(Tb) coated silk fibers prepared by the LBL method 5 

after the first cycle (a), third cycle (b), and fifth cycle (c), and (d) the schematic of the 6 

layer-by-layer (LBL) assembly technique used for the deposition. 7 

Besides the limited overall size of the coated MOF-76(Tb) and its needle-like shape, 8 

it was found that the crystal size of MOF-76(Tb) formed in the outer layer increased 9 

gradually (Figs. 7a-7c). During each synthesis cycle, a certain amount of the precursor 10 

was consumed to form the inner layer of MOF-76(Tb) coating and increase the surface 11 

coverage ratio; meanwhile, the rest formed the outer layer coating. With more 12 

accessible binding sites supplied by the previously formed inner coating layer, the 13 
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limiting step of metal ion anchoring for the outer layer formation could be skipped. 1 

Accordingly, the crystal size increased rapidly because they could overcome the gravity 2 

effect.  3 

For the LBL method, the dramatic increase in surface coverage is most likely associated 4 

with the variation in the synthesis procedure. The repeated immersion and cycling in 5 

the separated MOF precursor solutions restricted the continuous crystal growth and 6 

instead, promoted the anchoring of metal ions through the surface carboxylic groups 7 

(Fig. 7d) [44]. To conclude, such a high loading efficiency through the LBL method is 8 

mainly attributable to the following aspects: (1) the promotion of anchoring metal ions 9 

accelerated the full coverage of inner coating layers; (2) the strictly controlled crystal 10 

growth prevented the detachment of formed crystals caused by overweight effect; and 11 

(3) the formation of multi-coating layers further increased the loading rate. All these 12 

aspects were conducive to the dense coating of MOFs layer onto the surface of silk 13 

fibers. Compared with the previously reported works using sodium acetate as the 14 

capping reagent, the variation in the synthesis procedure is more efficient in the 15 

formation of more nucleation sites and in controlling the crystal size [13, 50, 51]. 16 

Table 1. Contribution of related factors to MOF-76(Tb) coating onto silk fiber  17 

 

HT method MWA method LBL method 

Metal anchoring promotion × √ √√ 

Crystal growth control × √ √√ 

Coating efficiency Low Medium High 

Note: × - little effect, √ - good effect, √√ - better effect 18 
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Taken together, for the immobilization of MOFs onto silk fiber, both the anchoring 1 

of Tb3+ and the crystal growth play an important role in the preparation process. The 2 

former process forms the nucleation sites for surface crystal growth, and the latter 3 

determines the detachment ratio of the formed crystals. Among the HT, MW, and LBL 4 

methods, varying degrees of anchoring promotion and crystal controlling were achieved, 5 

resulting in different coating and loading rates of MOF-76(Tb) onto the natural silk 6 

fiber (Table 1). 7 

3.6. MOF-76@silk fiber composite as a potential chemical sensor for colorimetric and 8 

fluorescent detection of aquatic Cu2+ 9 

 10 

Fig. 8 Fluorescence images of the MOF-76(Tb)@silk fiber composite after immersion 11 

in equal volumes of solutions containing different metal ions (0.5 mM of M(NO3)x, M 12 

= K+, Na+, Al3+, Fe3+, Ca2+, Pb2+, Ni2+, Cd2+, and Cu2+). 13 

An obvious quenching effect of the composite was detected after immersion in 0.5 14 

mM of copper-containing solutions (as shown in Fig. 8). The disappearance of typical 15 

green fluorescence and a clear change in color from green to grey could be used to 16 

make a qualitative judgment in the existence of copper. The intensity of the composite 17 

at 548 nm was influenced by cations, especially in the case of Cu2+, showing an obvious 18 

selectivity for copper ions (Fig. 9a). Thus, the silk fibroin-based composite can be 19 

proposed for colorimetric sensing of Cu2+ in aqueous solution.  20 

The recognition of Cu2+ might be related with the interaction between Cu2+ and the 21 
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carboxylate oxygen sites on the pore surface of MOF-76(Tb). The interaction between 1 

the Cu2+ and the benzene-tricarboxylate (BTC) ligands reduced the energy transfer 2 

efficiency from BTC to the Tb3+ within MOF-76(Tb), thus decreasing the luminescent 3 

intensity [52]. Alkali earth cations like Na+ and K+, with saturated electron 4 

configuration, almost have no effect on the luminescent intensity [53]. Other divalent 5 

and trivalent cations including Ca2+, Pb2+, Zn2+, Cd2+, and Al3+ with a close-shell 6 

electron configuration, display a light quenching effect due to the weak interaction 7 

between Lewis basic sites and metal ions [53, 54]. Although being similar to Cu2+, with 8 

an unsaturated electron configuration, Ni2+ does not show obvious quenching effect, 9 

probably due to the limitation of its ionic radius. In summary, the unique quenching 10 

effect for Cu2+ possibly resulted from the unsaturated electron configuration and the 11 

smaller ionic radius [55].  12 
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 1 

Fig. 9 (a) Luminescence intensity of the MOF-76(Tb)@silk fiber in 0.5 mM of various 2 

cation-containing solutions (at 546 nm), and (b) PL spectra of the silk fibroin net in 3 

aqueous solutions containing different Cu2+ concentrations. 4 

Initially, the kinetic characteristic for Cu2+ detection using the MOF-76@silk fiber 5 

composite was tested in this study. Upon the addition of Cu2+, the fluorescence emission 6 

decayed within the initial 5 min and maintained equilibrium subsequently. Therefore, 7 

for the following experiments, a reaction time of 5 min was set to ensure the 8 

fluorescence equilibrium before measurement. This rapid response is probably brought 9 

about by the facile diffusion of Cu2+ ions across the porous structure of MOF-76(Tb).  10 

Sensitivity is another important factor for evaluating on the performance of the 11 
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composite material and in the determination on the trace amount of Cu2+. The silk 1 

composites were immersed in solutions with gradually increasing Cu2+ concentration 2 

to further probe its luminescence response property. As shown in Fig. 9b, the 3 

luminescence intensity of the fiber composite was highly sensitive to the Cu2+ 4 

concentration, and the intensity at 548 nm was almost completely quenched at a 5 

concentration of 1×10−2 M of Cu2+. The relative luminescence intensity at 548 nm 6 

versus the concentration of Cu2+ plot showed a decreasing trend, which could be well 7 

fitted to a first-order exponential equation (R2 of 0.996, Fig. S4), indicating a diffusion-8 

controlled process for its quenching behavior [52, 55]. In addition, a linear fit of I0/I 9 

ratio to copper concentration could be established (Fig. S5), reflecting the linear 10 

dependence of luminescent quenching on the concentration of Cu2+ (i.e., the I0/I ratio 11 

is virtually linearly correlated with the copper concentration within the range of 1×10−3–12 

1×10−5 M). Even at a low Cu2+ concentration of 0.5 mg/L, the decrease in luminescent 13 

intensity was still detectable. In conclusion, the high selectivity and sensitivity of MOF-14 

76@silk fiber composite makes it a suitable candidate in the application of colorimetric 15 

and fluorescent detection of Cu2+. 16 

The quenching effect can also be approximately illustrated by the Stern–Volmer 17 

equation (I0/I = 1 + KSV [M]). As for the isotherm study, the Stern-Volmer equations 18 

under different temperatures are shown in Fig. S5. Results showed that the Stern –19 

Volmer quenching constant KSV was negatively correlated with temperature (KSV =1192  20 

or 977 M-1, at 293K or 298K, respectively), indicating that the probable quenching 21 

mechanism is static rather than dynamic quenching. This observation is consistent with 22 



 

22 

 

the speculation that Cu2+ might interact with BTC ligand within MOF-76(Tb), resulting 1 

in static quenching. 2 

4. Conclusion 3 

In this work, the domestic silk fiber was utilized as the skeleton for the coating of 4 

luminescent MOF-76(Tb). Results show that the silk fiber could be a potential substrate 5 

candidate for MOFs coating. Comparing the three synthesis methods (HT, MWA, and 6 

LBL) used for MOF-76(Tb) coating, the LBL method could achieve a higher coating 7 

efficiency due to the enhanced metal ion anchoring process and the strictly controlled 8 

crystal growth. In addition, this new composite could be extended for utilization in 9 

colorimetric and fluorescent detection of Cu2+ with a low detection limit of 0.5 mg/L. 10 

Being different from traditional powdered materials, the MOF-76-coated silk fiber can 11 

offer great application potential in real practice because of its convenient usage.  12 
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 1 

Fig. S1 SEM images of domestic silk fiber after immersion in various solvents at 80 °C 2 

for 24 h: (a) water; (b) DMF; (c) ethanol; and (d) n-hexane; 3 
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 1 

Fig. S2 SEM image of the MOF-76(Tb) material synthesized with hydrothermal 2 

method. 3 

 4 

 5 

Fig. S3 Luminescence intensity of the MOF-76(Tb)@silk fiber in 0.5 mM of various 6 

anion containing solutions (at 548 nm) 7 
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 1 

Fig. S4 Decrease of the luminescence intensity at 548 nm along with the concentration 2 

of Cu2+. The dashed line represents an exponential equation fit to the data. 3 

 4 

Fig. S5 Stern–Volmer plots of silk fibroin composite for sensing Cu2+ in the range of 5 

10−3–10−5 M at different temperatures. The dashed line represents a linear fit to the data. 6 

 7 


