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Abstract: Color-tunable luminescent membranes CdTe QDs on the bacterial 

cellulose (BC) nanofibers were successfully fabricated by in situ synthesis in aqueous 

solution. No nitrogen protection and expensive reagents are needed during the 

preparation process. The luminescent color of CdTe/BC nanocomposite membranes 

with green, orange and red luminescence can be tuned easily by controlling reaction 

time. The prepared CdTe/BC nanocomposites were characterized by X-ray diffraction 

(XRD), field effect scanning electron microscopy with energy dispersive X-ray 

analysis (FESEM-EDX) and transmission electron microscope (TEM). Ultraviolet–

visible (UV–vis), photoluminescence (PL) spectra and PL quantum efficiency (PL QE) 
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were used to investigate the optical properties. Moreover, we attempted to make the 

luminescent membranes as ion test paper. The green luminescent membranes had a 

good selectivity for Cu
2+

 with the detection limit of 0.016 mM and the mechanism of 

quenching Cu
2+

 were also explored. This work provides a simple, effective and 

eco-friendly method for the construction of luminescent CdTe QDs on BC membranes 

with high detectability for detection Cu
2+

.  

Keywords: Bacterial cellulose; Photoluminescence; Quantum dots; Nanocomposite; 

aqueous solution; metal ion detection 

 

Introduction 

CdTe quantum dots (QDs), also known as CdTe semiconductor nanocrystals, are 

under heavy investigation due to their unique optical properties such as high 

photostability, broad absorption, and narrow emission with peak position tunable by 

their sizes and bandwidth controllable to a certain degree by their size distribution.
1, 2

 

Compared with the conventional organic fluorophores, CdTe QDs have longer 

fluorescence lifetime and negligible photobleaching. They can be capped by different 

ligands which have potential widespread applications such as biological probes,
3
 

photocatalyst,
4
 chemosensors

5
 and solar cells.

6
 Wet-chemical preparation, as the name 

suggested, synthesizing QDs in colloidal solution, was one of the most successful 

methods to achieve QDs with high photoluminescence quantum yields and tunable 

size.
7
 Wet-chemical synthesis of QDs can be generally divided into water-phase and 

organic-phase approaches. Compared with organic-phase approach, synthesis in 
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aqueous system is relatively easier, cheaper, less toxic and more eco-friendly. More 

importantly, the products usually show good water-solubility and biocompatibility. 

Due to these advantages, synthesis of QDs in water solution has attracted more and 

more attention. However, applications of QDs in the fields of bio-analysis, 

optoelectronics and photocatalyst require composition of QDs with polymers.
8
 

Several works about the preparation and properties of QD/cellulose nanocomposites 

have been reported for their potential applications in security paper or sheets with 

optical signatures.
9, 10

 However, natural fibers are composed of only 55-65% cellulose 

where the isolation and purification of fibers are needed. Besides, the current 

environmental issues show a pressing need for innovative, sustainable, and recyclable 

materials with performance at the same level or better than conventional natural 

fibers. 

Unlike plant-based cellulose, bacterial cellulose (BC) does not contain collateral 

biogenic compounds like lignin, pectin and hemicellulose requiring purification and 

can therefore be separated in its purest form during the extracellular synthesis 

process.
11

 Compared with conventional natural cellulose, BC presents unique 

properties and structures such as good biocompatibility, high crystallinity, ultrafine 

nanosized three-dimensional fibrous network structure, highly hydrophilic 

characteristic and excellent mechanical strength. These characteristics make BC as a 

good template or matrix for the synthesis of QDs,
12, 13

 or other nanoparticles and 

nanowires.
14, 15

 

In this paper, we reported a convenient and economical one-pot method to 
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prepare luminescent CdTe/BC nanocomposites. The CdTe/BC nanocomposites were 

successfully fabricated by in situ method using BC as matrix. Besides, we used 

thioglycolic acid (TGA) as ligand which is a traditional ligand for preparing CdTe 

QDs and sodium tellurite was employed as the more stable Te source. No N2 

protection, special ligand or particular treatment was required. The structure and the 

properties of the resultant CdTe/BC nanocomposites were characterized. Besides, we 

tried to make a kind of metal ion test paper using the CdTe/BC nanocomposite 

membranes. 

Experimental 

Materials and methods 

BC was obtained by following process: Gluconacetobacter xylinus (1.1812), 

purchased from the Institute of Microbiology, Chinese Academy of Science, was 

cultured with basal medium (glucose 5 wt%, yeast extract 0.5 wt%, bacto-peptone 0.5 

wt%; disodium phosphate 0.2 wt%; monopotassium phosphate 0.1 wt% and citric 

acid 0.1 wt%) the pH was adjusted to 5.0 with NaOH. After five days of static 

cultivation, the BC membranes were collected, boiled in 1 wt% NaOH for 30 min in 

order to remove the remaining culture medium and microorganism, and then 

repeatedly rinsed with pure water until filtrate became neutral. The thickness of 

resultant BC membranes was 0.3 cm. And then, the BC membranes were cut into 

pieces sized 4 cm × 4 cm as substrates for the following experimental process.  

TGA (99%) was purchased from Sigma-Aldrich Co. LLC. Sodium tellurite 

(Na2TeO3, 97%), sodium borohydride (NaBH4, 96%), cadmium acetate dihydrate 
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(Cd(CH3COO)2·2H2O, 98%), potassium chloride, sodium chloride, calcium chloride, 

magnesium sulphate, zinc chloride, nickel chloride, aluminum nitrate, iron (III) 

chloride, copper (II) chloride were purchased from Sinopharm Chemical Reagent Co. 

Ltd. All chemicals were used directly without any further treatment. High purity water 

with resistivity of 18.2 MΩ�cm was used in the whole experimental process. 

XRD patterns were obtained in a Rigaku D/max-2000 X-ray diffractometer with 

the Cu Ka radiation at a scanning rate of 2°/s. The morphologies and elemental 

composition of the samples were characterized using S-4800 FESEM-EDX and 

JEM-2100F TEM. Prior to FESEM analysis, the samples were cut into small pieces 

and coated with a thin layer of evaporated gold. Prior to TEM analysis, the QDs on 

BC nanofibers were dispersed into pure water by ultrasonic dispersion. UV-vis spectra 

were measured on Lambda 35 spectrophotometer (PerkinElmer Inc.). 

Photoluminescence (PL) spectra were measured on Quant Master 40 

spectro-fluorometer (Photon Technology International Inc.), and PL QE was measured 

on the same spectrofluorometer with an integrating sphere accessory. The samples 

were excited by ultraviolet light of same wavelength (370 nm). XPS experiment was 

carried out on a RBD upgraded PHI-5000C ESCA system (PerkinElmer Inc) 

Fabrication of CdTe/BC nanocomposites 

In a typical fabrication, the molar ratio of Cd
2+ 

: TGA : Te
2-

 was 1.0 : 1.0 : 0.2, pH was 

11.5. Firstly, 0.1 mmol Cd(CH3COO)2·2H2O was dissolved in 10 mL pure water. 

Then 7 µL TGA was added and pH was adjusted to 11.5 with 1M NaOH solution. The 

purified BC membranes were immersed into a three-necked flask containing the 10 
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mL Cd-TGA solution, standing for 1 h in order to reach the adsorption equilibrium. 

Then, 0.02 mmol Na2TeO3 which was dissolved in 35 mL pure water was injected 

slowly into the above mixture. After shaking gently for 5 min, 0.04 g NaBH4 was 

dissolved in 5 mL pure water and injected slowly into the mixture, shaking for 5 min 

to be dispersed and produced Te
2-

. Then, the flask was attached to a condenser and 

refluxed at 100 °C with stirring under open-air system for a specific period of time. 

Finally, the membranes were rinsed with pure water for several times and dried at 

room temperature. Through controlling the reaction time (0.5 h, 2 h and 13 h, 

respectively), the CdTe/BC nanocomposites with different PL emission (green, orange 

and red) can be obtained. 

The selective and sensitive detection of metal ion 

For the selective experiment, we prepared K
+
, Na

+
, Ca

2+
, Mg

2+
, Zn

2+
, Ni

2+
, Al

3+
, Fe

3+
 

and Cu
2+

 stock solution with concentration of 1 mM. Then we dipped the metal ion 

solutions onto the nanocomposite membranes. After 5 min, we measured the PL 

intensity of the membranes (F) and compared with the PL intensity of the membranes 

without metal ion (F0) to find out the specific metal ion. To investigate the 

detectability of as-prepared nanocomposite membranes, various Cu
2+

 concentrations 

were prepared by serial dilution from Cu
2+

 stock solution. Subsequently, the PL 

intensity of these membranes was measured.   

Result and discussion 

Synthesis of CdTe/BC nanocomposites  

BC has a porous structure with a large number of hydroxyl groups on the surface of 
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its nano fibres. Due to its unique structure, TGA capped Cd
2+

 can easily penetrate into 

the inner space of BC. During the soaking of BC in Cd-TGA solution, Cd
2+

 ions are 

firstly anchored onto BC nanofibers through the hydrogen bonds between the 

carboxylate anion of TGA and the hydroxyl groups of BC.
16

 After Na2TeO3 and 

NaBH4 added, the Te
4+

 are reduced to Te
2-

, and CdTe are formed with the strong 

interaction between Cd
2+ 

and Te
2-

, as illustrated in Fig. 1. It should be noticed that 

NaBH4 plays two roles in this reaction. The first is leading to a fast reduction of Te
4+

 

to Te
2+

 to supply the rapid nucleation of QDs, and the second is supplying a protective 

surrounding to avoid the oxidation of Te
2-

 during QD growth even without N2 

protection.
17

 So an excess of NaBH4 is adopted. 

XRD analysis 

The crystallographic nature of the QDs in BC was further investigated by XRD to 

confirm the formation of CdTe QDs. The XRD of pure BC and CdTe/BC 

nanocomposites are shown in Fig. 2. Compared with XRD of pure BC, the broad 

diffraction peaks at 14.4°, 16.6° and 22.7° in the CdTe/BC nanocomposites are 

assigned to the crystallographic plane of (1 1� 0), (1 1 0) and (2 0 0) reflection of 

BC.
18

 According to the reference
19

 and the standard card of CdTe (JCPDS Card 

No.15-0770), the CdTe QDs should exhibit three diffraction pattern at about 24° (111), 

39° (2 2 0) and 47° (3 1 1). However, we only observed two characteristic diffraction 

pattern at 41.4° (2 2 0) and 47.4° (3 1 1) which slightly moved toward higher angles 

compared with the data in the standard card. The characteristic (111) reflection for 

CdTe QDs may merge into the BC (2 0 0) reflection. The shifting of the other 
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diffraction pattern indicated a CdS shell formed on the surface of the CdTe QDs. It is 

because a small amount of S
2-

 which comes from the continuous decomposition of 

TGA can form CdS with excessive Cd
2+

 during the reaction. The resultant CdS can 

cap on the surface of CdTe QDs, and as a result, the surface defects of QDs were 

improved and aggregation and oxidation of QDs were blocked. Similar changes in 

diffraction patterns were also observed during the growth of a ZnS shell on a CdSe 

core by Dabbousi et al.
20

 The diffraction peak at 28.0° corresponding to the (1 1 1) 

crystal planes of CdS (JCPDS Card, No. 21-0829) also confirmed that CdS existed in 

the nanocomposites.  

The crystallinity degree (CrI %) of pure BC and CdTe/BC nanocomposites was 

also determined by XRD analysis. The crystallinity degree of pure BC was 81.4%, in 

a good agreement with the literature values.
21

 However, the crystallinity degree of 

CdTe/BC nanocomposites were 67.8%, 66.7% and 65.1%, respectively, corresponding 

to 0.5 h, 2 h and 13 h, which were lower than pure BC and showed a decreasing 

tendency as the reaction time increased. The decreasing of crystallinity of CdTe/BC 

nanocomposites can probably be explained as follows: with the growth of CdTe QDs 

in situ on the nanofibres of BC, the hydrogen bonds among BC nanofibres were 

gradually damaged, leading to the increase of amorphous areas. The mechanical 

properties were also investigated by the tensile test. The tensile stress–strain behaviors 

of the pure BC and CdTe/BC nanocomposite (13 h) are shown in Fig S1 (Supporting 

Information). It is concluded that the tensile strength and Young’s modulus of the 

nanocomposite have not decreased obviously indicating a good chemical stability. 
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FESEM-EDX and TEM analysis 

The morphology of pure BC and the CdTe/BC nanocomposite was studied using 

FESEM and TEM shown in Fig. 3. From the representative image of CdTe/BC 

nanocomposite (13 h) in Fig. 3b, we can see that the porous network structure of 

CdTe/BC nanocomposite is intact. This exquisite structure gives a good tunnel for 

Cd
2+

 adsorption and results in homogeneous distribution of Cd
2+ 

on BC nanofibers.
22

 

TEM was further used to observe the size and the distribution of CdTe QDs on BC 

nanofibres by sonicating the CdTe/BC nanocomposite (13 h). Form the images shown 

in Fig. 3c and Fig. 3d, we can observe that the size of the nanoparticles is about 6 nm 

and the nanoparticles homogeneously distributed on the surface of the nanofibers. 

Electron dispersive X-ray spectroscopy (EDX) was also used in conjunction with the 

FESEM to determine elemental composition of the nanocomposite. The ratio of 

detected elements was in agreement with the fabrication which is shown in Fig. S2 

and Table S1 (Supporting Information).  

Optical properties 

The UV–vis absorption spectra of pure BC and CdTe/BC nanocomposites were 

performed shown in Fig. 4. Form the Figure, no absorption band is observed in pure 

BC spectrum. In contrast, a wide absorption band can be seen on the spectra of 

CdTe/BC nanocomposites. With the prolonging of reaction time, the UV-vis 

absorption band of the CdTe/BC nanocomposites shifted to longer wavelengths 

because of increasing size of the CdTe nanopsrticles as a consequence of the quantum 

confinement effect.
23

 The size of the QDs can be controlled by changing the reaction 
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time and easily monitored by absorption spectra and PL spectra. 

The PL spectra of CdTe/BC nanocomposites with an excitation wavelength at 

370 nm are shown in Fig. 5. The CdTe/BC nanocomposites reacting for 0.5 h, 2 h and 

13 h, respectively, exhibit a significant emission peak at 551 nm, 587 nm and 625 nm, 

corresponding to green, orange and red fluorescence, respectively. With prolonging 

the reaction time, the PL spectra of the CdTe/BC nanocomposites shifted to longer 

wavelengths due to quantum confinement effect as well, which had a similar tendency 

with UV-vis spectra. The images of CdTe/BC nanocomposites under room light 

conditions (top) and excited under ultraviolet (bottom) are also displayed in Fig. 6. 

Obviously, the CdTe/BC nanocomposites can emit fluorescence with high brightness 

and homogeneity. It is clear that the color of CdTe/BC nanocomposites can be tuned 

from green to orange and red easily by controlling reaction time.  

The PL QE of CdTe/BC nanocomposites with different reaction time was 

measured with an integrating sphere accessory. The highest PL QE of as-prepared 

nanocomposites (reacting for 2 h) can reach 38.0%, and the PL QE of the other two 

nanocomposites was 7.8% (reacting for 0.5 h) and 24.7% (reacting for 13 h), 

respectively. It can be seen that the PL QE first increase then decrease with 

prolonging reaction time, which had a similar tendency to PL intensity. 

During the early stage of CdTe QDs growth, which was the nucleation stage of 

QDs, the particles collided and combined to form a larger one with many defects 

because there was not enough particles to form a larger particle with regular shape. 

Therefore the PL intensity was low in this stage and it would gradually increase with 
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the QDs growth. When the QDs growth reached a certain extent, the particles started 

to grow by the Ostwald Ripening (OR) process.
24

 With further prolonging the reaction 

time, smaller particles started to dissolve thus releasing monomers that were then used 

up by the larger particles, leading to broadening the size distribution and increasing 

the number of surface defects. Thus, with further prolonging the reaction time, the 

intensity of PL would decrease. The half peak width of the three PL peaks is also 

calculated as 44 nm, 48 nm and 50 nm, respectively. Compared with the data from 

CdTe QDs solution (red, 70 nm),
25

 the half peak width of the nanocomposites is 

narrower, indicating a narrower size distribution of CdTe QDs growing on BC 

matrix.
21

 Besides, compared with CdTe QDs solution, the decrease of PL intensity of 

CdTe QDs with long reaction time is much lower when BC matrix exists, which 

decreases only about 6%.
25

 This is because the nanofibre network structure of BC can 

enhance the stability of QDs growing in situ on it and prevent them from dissolution 

during OR process to some extent. Consequently, BC matrix can suppress the OR 

process of CdTe QDs growth and decrease surface defects. 

CdTe/BC nanocomposite membranes in metal ion analysis 

QDs have been used to detect metal ions in terms of different impacts on their 

fluorescence. However, conventional detection uses QDs solution, which is not 

convenient and intuitive sometimes, and need an instrument such as 

spectrofluorometer to analyze. Herein, we attempted to make the CdTe/BC 

nanocomposite membranes as a kind of ion test paper. We designed experiments to 

demonstrate the sensitivity to a certain metal ion for the as-prepared membranes. K
+
, 
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Na
+
, Ca

2+
, Mg

2+
, Zn

2+
, Ni

2+
, Al

3+
, Fe

3+
 and Cu

2+
 stock solution with concentration of 

1mM were dipped onto the CdTe/BC nanocomposite membranes to detect the changes 

of the luminance. As a result, no obvious changes were observed for the orange and 

red luminescence of CdTe/BC nanocomposite membranes. This can be attributed to 

the different size of QDs with different reaction time. The surface of QDs plays an 

important role in their fundamental properties. For smaller particles, the surface atoms 

are chemically more active because they have fewer adjacent coordinate atoms and 

unsaturated sites or more dangling bonds. Thus, for larger QDs, their selectivity and 

sensitivity is relatively lower.
26

 For the green luminescent CdTe/BC nanocomposite 

membranes, a good selectivity for Cu
2+

 was observed. As shown in Fig. 7a, ions other 

than Cu
2+

 did not cause significant changes in the PL intensity of luminescent 

membranes. Fig. 7b shows the image of green CdTe/BC membrane excitated at 370 

nm before and after Cu
2+

 treatment. Therefore, the green luminescent membrane has a 

good selectivity for Cu
2+

. A series of Cu
2+

 solutions of various concentrations were 

prepared to preliminarily investigate the detectability of the green luminescent 

membranes shown in Fig. 8. It can be seen that the concentration of Cu
2+

 was reduced 

to 0.01 mM, an obvious decrease of PL intensity can still be observed, which implied 

the green luminescent membrane was sensitive to Cu
2+

 to some extent. The limit of 

detection, as described by the International Union of Pure and Applied Chemistry 

(IUPAC) (LOD = 3 × Standard deviation/Slope), was calculated to be 0.016 mM. Also, 

with the increase of Cu
2+

 concentration, the PL intensity decreased highly and no 

obvious change in the shape of the PL spectrum accompanied quenching, except a 
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slight red-shift at higher Cu
2+

 concentration.  

XPS were carried out to investigate the mechanism of quenching with Cu
2+

. Fig. 

9 shows the high-resolution spectra of Cu (2p) region of the sample after Cu
2+

 

treatment (1mM) (The whole XPS spectrum shown in Fig. S3 in Supporting 

Information). After modified by AugerScan software, two positions (931.7, 951.4) 

belonged to Cu
+
 (2p3/2, 2p1/2) and two positions (932.8, 953.0) are belonged to Cu

2+
 

(2p3/2, 2p1/2) are obviously observed, respectively. It is because that after treatment 

with Cu
2+

, the incorporation of Cu
2+

 into the quantum dot results in the surface defects 

of QDs, leading to a nonradiative recombination of the excitons and fluorescence 

quenching, which can be described as the mechanism of cation exchange. With the 

concentration of Cu
2+

 increased, the conduction band electrons of QDs induced the 

reduction of Cu
2+

 to Cu
+
. More Cu

+
 ions will be formed and replace the Cd in the 

surface when the concentration of Cu
2+

 increased. Cu
+
 effectively quenches the 

luminescence of CdTe QDs by facilitating nonradiative recombination of excited 

electrons (e
-
) in the conduction band and holes (h

+
) in the valence band. Meanwhile, 

come of Cu
+
 can replace the Cd in the surface of CdTe QDs, which has a lower energy 

level than that of pure CdTe QDs on BC matrix.
27-29

 Thus, a red-shift of the PL spectra 

of luminescent membranes can be observed. This may explain the selective response 

of green luminescent membranes toward Cu
2+

 ions. Furthermore, the reaction is rapid 

and specific. In general, it guarantees the effective detection to Cu
2+

.  

Conclusions 

In conclusion, the color-tunable CdTe/BC nanocomposite membranes with high 
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photoluminescence intensity were successfully synthesized in situ using BC as the 

matrix. The result from the XRD analysis shows that the CdTe nanoparticles are 

capped with CdS, which can improve the quality and properties of CdTe QDs, 

indicating that BC fibers can induce the growth of nanocrystals. It is found that the 

CdTe nanoparticles were homogeneously dispersed on the BC nanofibre. The 

nanocomposites integrate the photoluminescence properties of CdTe QDs and the 

green luminescent membranes had a good selectivity for Cu
2+

 which guarantees the 

possibility of further study on the membrane used as a kind of Cu
2+

 test paper, 

luminescent membranes and sensors.  
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Figure captions 

Fig. 1 Schematic formation process of CdTe nanoparticles onto BC nanofibers. 

Fig. 2 XRD patterns of pure BC and CdTe/BC nanocomposites with different reaction 

time. 

Fig. 3 FESEM images of (a) pure BC, (b) CdTe/BC nanocomposite (13 h) and TEM 

images of (c, d) CdTe QDs (13 h). 

Fig. 4 The UV-vis spectra of pure BC and CdTe/BC nanocomposite with different 

reaction time. 

Fig. 5 The PL spectra of pure BC and CdTe/BC nanocomposites with different 

reaction time (excitation wavelength at 370 nm). 

Fig. 6 The image of CdTe/BC nanocomposite membranes with different reaction time 

(left) 0.5 h; (middle) 2 h; (right) 13 h under ambient condition (top) and after 

ultraviolet excitation at 370 nm (bottom). 

Fig. 7 (a) Relative PL intensity (F/F0) of green luminescent membranes with different 

metal ions (1mM), (b) The image of CdTe/BC nanocomposite (0.5 h) excitation at 370 

nm before and after Cu
2+

 treatment. 

Fig. 8 The PL intensity of green luminescent membranes with various concentrations 

of Cu
2+

. 

Fig. 9 XPS spectra for the Cu
+
 (2p) and Cu

2+
 (2p) region of green luminescent 

membrane after treatment with Cu
2+

 (1mM)  
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9 
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