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Graphical Abstract 

 

A luminescent [Tb2(BDC)3(H2O)4 ]n film with a leaf-like morphology is fabricated on 

FTO by electrochemical method, the film exhibits highly selective detection of Cu
2+
. 
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A luminescent Ln-CPs film of [Tb2(BDC)3(H2O)4]n (1) [BDC: p-benzenedicarboxylate anion] is 

fabricated using electrodeposited method on FTO (fluorine-doped tin oxide glass). It is a one-step and 

highly effective electrochemical method at room temperature. The influence of reaction conditions on 

thickness of film 1 was investigated. The smooth and adherent thin film 1 is obtained at the proper 

concentrations of Tb(NO3)3 (0.01 M) and H2BDC (0.015 M) with 0.3 mA/cm2 (0.050 M NH4NO3) for 20 10 

minutes. The composition of the film was confirmed by X-ray diffraction. The sensing properties of the 

film have been studied. The result shows that thin film 1exhibits selective detection of Cu2+ in DMF 

solution. The luminescent intensity is inversely proportional to the concentration of Cu2+ ions and 

displays a linear region over the range of 1×10-5 -1×10-3 M. Furthermore, a probable quenching 

mechanism was discussed. 15 

1 Introduction 

In recent years, the design and syntheses of lanthanide 
coordination polymers (Ln-CPs) are attracting increasing 
attention for a wide variety of applications in the fields of 
magnetism, catalyst,1 gas storage and separation.2 Ln-CPs shows 20 

excellent luminescent properties, such as long lifetime, high color 
purity and intense sharp emission in near-infrared and visible 
region ranges.3-5 It should be noted that the unique luminescence 
properties of Ln-CPs result from f −f transitions generated by the 
“antenna effect”, which have made them one of the essential 25 

components in the preparation of advanced materials. Recently, 
studies on luminescent Ln-CPs for sensing metal ions have 
resulted in their significant development, and some successful 
fluorescent probes have been employed to determine the 
concentration of metal ions6, 7 and anions8, 9 in solution. These 30 

applications are usually based on CPs in the powder form. For 
practical sensor applications, it is very necessary to develop Ln-
CPs films for the straightforward sensing of metal ions or 
vapor.10-16 Ln-CPs are commonly processed into thin film by 
several methods, such as high-vacuum thermal evaporation,17 35 

layer-by-layer deposition18 and galvanic displacement.10 The 
main drawback of these methods remains the large amounts of 
waste that are produced during the synthesis, especially 
expensive metal salts.  

In order to avoid such drawbacks, an electrochemical synthesis 40 

method which is becoming more attractive for the deposition of 
new materials19, 20 was proposed. Electrochemical one-step 
deposition is an interesting alternative route for the preparation of 
such materials, especially if deposition on conductive substrates 
is desirable. Compared to above methods, one-step 45 

electrodeposition is rather easy to carry out. High temperatures or 

vacuum conditions are not needed, which makes the process 
economically interesting and allows the use of flexible 
conductive plastic substrates that are not stable at higher 
temperatures.21, 22 In recent years, although some work has been 50 

focused on developing CPs by electrochemical synthesis 
method,13, 23-26 to our knowledge, there have been a few reports 
on the respective CPs film produced electrochemically. 

Cu2+ obviously plays a role in the areas of many fundamental 
biological and environmental system.27 It is an essential trace 55 

element for both plants and animals, including humans. However, 
Several research studies have linked the cellular toxicity of 
copper ions to serious diseases such as Alzheimer’s disease,28 
prion diseases.29 Many analytical methods have been performed 
for detection of Cu2+, such as atomic absorption spectrometry 60 

(AAS),30 inductively coupled plasma-emission spectrometry 
(ICP-ES).31 These methods usually have a sufficiently low 
detection limit and have disadvantages such as more complicated 
and high cost apparatus, and time-consuming procedures.32 
Recently, more attention has been focused on the development of 65 

luminescent chemosensors for the detection of Cu2+ ions. 
In our previous work, many Ln-CPs have been synthesized. 

Most of them exhibit extraordinary luminescent properties.8, 33-36  
The rational design and preparation of desired Ln-CPs remain 

a great challenge because of the high coordination numbers and 70 

variable nature of the Ln3+ sphere. It has proven to be an effective 
method for the design and synthesis of open and rigid 
frameworks through the assembly of Ln-carboxylate clusters with 
organic linkers. p-benzenedicarboxylic acid (H2BDC) seems to be 
a promising organic linker due to its rigid structure, diversity of 75 

coordination geometries, various coordination modes. A large 
number of CPs made up of metals and H2BDC have been 
reported, and many of them show excellent adsorption and gas-
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storage properties. Compared with transition metals, the 
analogous lanthanide coordination polymers are still 
undeveloped.37 Encouraged by aforementioned studies, the 
luminescent film of [Tb2(BDC)3(H2O)4]n (1) is fabricated by one-
step convenient electrodeposited method in this paper. The 5 

influence of reaction conditions on thickness of film 1 is 
investigated. The smooth and adherent thin film 1 is obtained 
under the optimized condition. The luminescence responses of 
thin film 1 toward various metal ions in DMF solution exhibits 
highly selective detection of Cu2+. The possible sensing 10 

mechanism based on static quenching is discussed. Moreover, 
this result may provide useful information to further develop 
more Ln-CPs films with applications in luminescent sensors. 

2 Experimental sections 

2.1 Materials and Instrumentation 15 

All reagents were purchased from commercial sources and used 
directly without further purification. DMF solutions of Co2+, Ni2+, 
Cu2+, Zn2+, Cd2+, K+, Na+ and Pb2+ were prepared from their 
nitrate salts; deionized water was used throughout all experiments. 
All steady state luminescence measurements were recorded by 20 

Himadzu RF-5301 PC spectrofluorophotometer at room 
temperature in the range of 450–650 nm with a fixed excitation 
wavelength of 323 nm. Luminescence lifetimes were collected by 
FLSP920 fluorescence spectrometer. X-ray diffraction (XRD) 
measurements were performed on a D/MAX 2200VPC 25 

diffractometer with Cu Kα radiation (λ = 1.5406 Å) at a voltage 
of 30 kV and a current of 30 mA/cm2. Crystalline peaks observed 
on the FTO substrate correspond to tin oxide (SnO2, JCPDS file 
No. 01-075-9494, CSD#157449). Calculated PXRD patterns 
were produced by using the software of Mercury, Jade 6.5 and 30 

origin 8.0. The size and surface morphologies of film 1 were 
observed by a scanning electron microscope (SEM, S-4800, 
Hitachi). Electrochemistry experiments were carried out on 
Potentiostat DJS-292B (shanghai China) and Metrohm PGSTAT 
302N electrochemical workstation. 35 

2.2 Preparation of thin film 

Before the experiment, FTO (fluorine-doped tin oxide glass) 
conductive glass was cut into small pieces (about 25×10 mm2). 
FTO and graphite rod (4 cm) were cleaned with acetone and 
methanol in ultrasonic bath 15 minutes respectively. 40 

Firstly, 0.2 mmol Tb(NO3)3·6H2O and 0.3 mmol H2BDC were 
dissolved in 20 mL DMF solution and stirred until a clear 
solution was obtained. NH4NO3 (supporting electrolyte) was 
added to the solution with subsequent stirring 20 minutes at room 
temperature. 45 

Film 1 was deposited onto FTO by galvanostat method. The 
working electrode was FTO (cathode) and the counter electrode 
(anode) was graphite rod. The two electrodes were separated by 5 
cm and were partially immersed in the solution. 

When the process was done, the deposited film was removed 50 

from the DMF solution and cleaned with DMF three times to 
remove unreacted ligands and Tb3+ ions. 

2.3 Procedure for detection of Cu2+ ions 

Stock standard solutions 0.01 M Cu2+ were prepared by 
dissolving 22.3 mg Cu(NO3)2·2H2O in DMF and adjusting the 55 

volume to 10 mL in a volumetric flask. It was further diluted to 
1×10−3 to 1×10−5 M stepwise. Similar procedure was performed 
for other metal ions. The luminescent intensity of thin film 1 
(immersed in DMF solution) was recorded from 450 to 650 nm 
with excitation wavelength fixed at 323 nm. After thin film 1 was 60 

immersed in 1×10-3 M Cu2+ DMF solution for 36 hours, the 
luminescent intensity was again recorded. Similar procedure was 
performed for various predetermined concentrations of Cu2+ ions 
and other metal ions. All measurements were made at room 
temperature. 65 

2.4 Principles of luminescent quenching 

Fluorescence quenching commonly originated from dynamic 
quenching. And dynamic quenching can be described by the 
Stern-Volmer equation.38 F0 and F are the luminescent intensities 
before and after the addition of the quencher, respectively. kq is 70 

the rate constant of dynamic quenching; τ0 and τ is the lifetime in 
the absence or presence of the quenchers; [M] is molar 
concentration of the quencher in solution. 

 F0/F = τ0/τ = 1+kqτ0 [M] (1) 

Another type of quenching (static quenching) occurs as a result 75 

of the formation of a non-luminescent complex between the 
fluorophore and quencher. For this type of quenching, the 
decrease of luminescent intensity has the same form as the Stern-
Volmer Eq (1). However, in Eq (2) the KSV is now the association 
constant.38 Since the life-time of the luminescence is unperturbed 80 

by the static quenching τ0/τ=1, lifetime measurements are a 
definitive method to distinguish between static and dynamic 
quenching. 

 F0/F = 1+KSV [M] (2) 

3 Results and discussion 85 

3.1 Influence of electrochemical parameters 

Smooth, adherent films 1 were deposited from the 
Tb(NO3)3·6H2O, H2BDC and NH4NO3 DMF solution over a 
range of current densities, deposition time and concentration of 
support electrolyte of the deposition bath. 90 

The films electrodeposited at different current densities 
containing 0.1, 0.3 and 0.6 mA/cm2 (t = 20 min, c(NH4NO3) = 
0.05 M) were discussed. When current density was 0.1 mA/·cm2, 
smooth and adherent film was not obtained. When current density 
increased to 0.3 mA/cm2, smooth and adherent thin film was 95 

obtained. While at higher current densities, the floccules can be 
observed near the cathode in the solution. This may be explained 
in the following way: at low current, the reaction rate was slow; 
the film under these conditions should be smooth and adherent. 
However, when current density exceeded a critical value (0.6 100 

mA/cm2), floccules developed near the electrode in solution. This 
can be attributed to the high over potential, which speed up the 
reaction rate. As a result, the formation of CPs took place near the 
cathode in solution rather than on the electrode. 

Deposition time was one of the main factors affecting the 105 

thickness (J = 0.3 mA/cm2 c(NH4NO3) = 0.05 M). If the 
deposition time was not sufficient, the adherent and smooth film 
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was not obtained. The effect of deposition time on the thickness 
in the range of 10-30 min was studied. As the deposition time 
increased from 10 to 20 min, the thickness increased. And with 
further prolonging of the deposition time the thickness of film did 
not significantly increase (see Fig. S1). 5 

The films electrodeposited in reaction solution containing 
different concentration of NH4NO3 (0.025, 0.050, 0.100 M) was 
discussed when current density and time (J = 0.3 mA/cm2, t = 20 
min) were fixed. By increasing the concentration of NH4NO3, 
conductivity increases. The conductivity increased with the 10 

increasing of concentration of NH4NO3. It was expected that 
higher conductivity would result in higher thickness of film.39 
However, it was worth noting that an increase in the 
concentration of support electrolyte did not translate into a 
proportional increase in thickness of film deposited in 0.050 and 15 

0.100 M (see Fig S2). This phenomenon may be explained as 
followed: in this concentration range, the concentration of 
support electrolyte has slight effect on the thickness of film.  

Taking the factors into account, the adherent and smooth film 
was obtained under the optimized conditions of J = 0.3 mA/cm2, 20 

t= 20 min and c(NH4NO3) = 0.05 M. 

3.2 Characterization of thin film 1 

Fig. 1 shows the morphological structure (SEM image) of the 
electrodeposited thin film 1. Morphological studies clearly shows 
the 2 µm crystals merge tightly with each other leading into a 25 

continuous film. 
According to the experimental results, it is easy to infer that 

deposition of such thin film 1 only in a few minutes proves a 
much faster growth rate than available with most other CPs 
surface deposition methods.  30 

 

Fig. 1 The (a) enlarged top view SEM images of film 1 and (b) greater 
range top view 

In order to study the formation process of thin film 1, 
chronopotentiometry is studied. As shown in Fig. 2, after an 35 

initial voltage drop from the open circuit potential to -0.65 V (Ref. 
SCE), the electrode potential increases almost linearly during the 
first 3 minutes and subsequent slight increase. The increasing 
voltage that sustains the process is presumably related to the 
thickening of the deposits. This behaviour can be explained by 40 

the film growth, which takes place by initial nuclei formation and 
subsequent growth of these seed crystals. 

 

Fig. 2 Potential (Ref. SCE) vs. time curve during the electrodeposition of 
film 1. Experimental conditions: J = 0.3 mA/cm2 t = 20 min c(NH4NO3) 45 

=0.05 M. 

Fig. 3 shows the powder X-ray diffraction patterns of film 1. 
All the diffraction maxima in the pattern of the as-deposited film 
1 is consistent with the simulated data.40 The overall structure of 
[Tb2(BDC)3(H2O)4]n can be described in terms of a 50 

parallelepipedal motif having a terbium center on each of its eight 
corners and BDC on four of its faces. Each Tb atom is 
coordinated in a monodentate fashion to six oxygens of BDC 
anions and two water ligands to give an eight-coordinate Tb(III) 
center. It should be noted that the water ligands occupy the other 55 

two faces of parallelepipedal motif, which allows them to point 
nearly to the center of the parallelepiped. The high and sharp 
peaks indicate that highly crystalline nature of thin film 1 and no 
other peaks can be found except SnO2 (component of FTO glass). 
It confirms that complex 1 in thin film structure can be 60 

successfully synthesized by electrodeposited method. 

 

Fig. 3 Powder X-ray diffraction patterns of electrodeposited thin film 1 

3.3 Selective detection of Cu2+ 

The solid-state luminescence spectrum of thin film 1 is 65 

investigated upon excitation at 323 nm under room temperature, 
which exhibits four characteristic peaks of Tb3+ (5D4→

7F6: 492 
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nm, 5D4→
7F5: 546 nm, 5D4→

7F4: 580 nm, and 5D4→
7F3: 623 nm) 

(Fig. S3). It is well-known that the luminescence of Tb3+ has a 
low molar absorptivity and that the f-f transitions are spin and 
parity-forbidden. However, it has been shown that the lanthanide-
centered emission can be sensitized by electron conjugated 5 

systems with efficient energy-transfer, which is the so-called 
“antenna effect”. The most prominent line in film 1 is presented 
at 546 nm which can be observed as bright green light by naked 
eyes. The strong visible emission provides the possibility of film 
1 as a luminescence sensor. 10 

Selectivity is a very important parameter to evaluate the 
performance of the luminescence sensing system. The 
luminescence response of thin film 1 immerse in DMF solution 
containing the same concentrations of M(NO3)x (M= Co2+, Ni2+, 
Zn2+, Cd2+, K+, Na+, Pb2+ and Cu2+) is shown in Fig 4. 15 

Interestingly, the Cu2+ ion shows a significant quenching effect 
on the luminescence intensity of thin film 1. However, other 
metal ions have slightly influence on luminescent intensity of 
film 1. (Fig. 4, blue bars). 

The impacts of some coexisting metal ions on Cu2+ ion sensing 20 

are also determined. When we add 1×10-3 M of Cu2+ to the above 
ions solution, it gives rise to a drastic quenching effect which is 
analogous to the addition of 1×10-3 M of Cu2+ alone (Fig. 4, red 
bars). These results indicate that these coexistent ions have 
negligible interfering effect on Cu2+ ion sensing by the film 1. 25 

 

Fig. 4 Luminescence intensity at 546 nm of thin film 1 treated with 
different metal ions in DMF solutions. The blue bars represent the 
luminescence intensity of film 1 in the presence of 1×10-3 M of 
miscellaneous metal ions. The red bars represent the quenching degree of 30 

the emission that occurs upon the subsequent addition of 1×10-3 M of 
Cu2+ to the above solution. 

Concentration-dependent luminescence measurements are 
examined. As shown in Fig. 5, the luminescence intensity 
gradually decreases with the increase of Cu2+ ions concentration. 35 

When the concentration of Cu2+ ions reaches 1×10-3 M, the 
luminescent intensity of thin film 1 becomes very weak. 

 

Fig. 5 Emission spectra of thin film 1 immersed in different 
concentrations of 1×10-5-1×10-3 M Cu2+ in DMF solution when excited at 40 

323 nm. 

3.4 Possible sensing mechanism 

In general, quenching mechanisms include energy transfer, 
excited state reactions, complex formation and collisional 
quenching.40 To explain the possible mechanism of our detection 45 

system, we attempt to fit Stern-Volmer relationship to describe 
the concentration of Cu2+ ions dependence on the luminescence 
intensity of film 1. 

Fig.6 shows the Stern-Volmer analysis of the quenching 
experiment (F0/F versus concentration of Cu2+). F0/F = 1+KSV 50 

[M]. It exhibits a linear relationship in the range of 1×10-5-1×10-3 
M. KSV is calculated by linear regression of the plots was 1.7×104 
/ M. 

 

Fig. 6 Stern–Volmer plots describe the dependency of the luminescent 55 

intensities on the Cu2+ concentration over the range of 1×10-5-1×10-3 M 
Cu2+ in DMF solution. 

The luminescence decays of thin film 1 (before and after 
adding Cu2+ ions to the DMF solution) are investigated. The 
curves of luminescence decay at 546 nm are illustrated in Fig. 7. 60 

The luminescence decays of thin film 1 should be single 
exponential,40 but the decay curves follow the double exponential 
law, and the equation It = A+B1×exp(-t/τ1)+B2×exp(-t/τ2) (τ1 and τ2 
are the fast and slow components of luminescence lifetime. A, B1, 
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B2 are the weighting parameters) is used for fitting the 
luminescence curves. The equations are stated as follows: 

It = 2.086+2896.261×exp(-t/τ1)+6918.505×exp(-t/τ2) 

τ1 = 1.1ms (82%)   τ2 = 0.6 ms (18%)    (Before adding Cu2+ ions) 

It = 1.037+1070.442×exp(-t/τ1)+4454.212×exp(-t/τ2)  5 

τ1 = 1.0 ms (91%)   τ2 = 0.4 ms (9%)      (After adding Cu2+ ions) 

It should be attributed to DMF coordinates to Tb3+ ions located 
on the surface of crystals resulting in discrepant coordinated 
environments between the exterior and interior Tb3+ ions. The 
emission with the shorter luminescence lifetime should be from 10 

the exterior Tb3+ions due to the vibration of the coordinated DMF 
molecules.41 According to reference,42 the average biexponential-
lifetime τ can be calculated by an expression: τ = (B1τ1

2 + B2τ2
2) / 

(B1τ1 + B2τ2). The fitted values of the parameters A, B1, B2, τ1 and 
τ2 are illustrated in Table 1. According to the previous reference38, 15 

before (τb) and after (τa) introducing Cu2+ ions to DMF solution, 
the average luminescence lifetimes remain almost the same (τb 

/τa=1.09). The suggestion is that the mechanism of the quenching 
process would be static quenching rather than dynamic quenching 
in this case. We speculate that Cu2+ may influence the 20 

photophysical properties of the ligand with a binding process, 
affecting the rate of energy transfer onto the Tb3+, henceforth the 
luminescence intensity. In contrast, other ions, for instance, K+ 

and Na+ have almost no effect on the “antenna effect”. 

Table 1 The values of luminescence lifetime τ1 and τ2, the weighting 25 

parameters A, B1, B2, average lifetime of τ, goodness χ2 and R2.of fits. 

Sample A B1 B2 τ1 τ2 τ χ2 R2 
Film 1 2.086 2896.261 6918.505 1.1 0.6 1.023 1.159 0.9996 

Film1+
Cu2+ 

1.037 1070.442 4454.212 1.0 0.4 0.934 1.064 0.9995 

 

Fig. 7 Luminescence decay curves of thin film 1 in the absence and 
presence of Cu2+. 

Conclusions 30 

A luminescent thin film 1 is successfully prepared by a facile 
one-step electrodeposited method in only a few minutes at room 
temperature. Optimized condition for the synthesis of film 1 is 
obtained. According to luminescent response to various metal 

ions, thin film 1 shows good selectivity to Cu2+ over other metal 35 

ions. The linear range of the luminescent relative intensity versus 
the Cu2+ concentrations is 1×10-5-1×10-3 M. Luminescence 
lifetime experiment demonstrates the quenching mechanism 
appears to be predominantly of the static type. Future research 
focuses on two points of interest in our lab: effective 40 

electrodeposited method develops luminescent Ln-CPs film; and 
more types of Ln-CPs film for selective sensing of other 
interested species. 
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