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A B S T R A C T   

One of the effective ways to prevent environmental pollutants from entering the human body and causing cancer 
is to detect them efficiently and sensitively in the external environment, even trace detection. Herein, we 
developed a rare Eu(II)-MOF (Eu(II)-Phen) as near infrared (NIR) probe to construct high instantaneous anodic 
electrochemiluminescence (ECL) sensor for trace detection of environmental pollutants. Eu(II)-Phen was syn
thesized by the reductant of glycine and the protectant of oleylamine, which avoided using a large amount of 
inert gas to prevent Eu2+ from oxidizing into Eu3+. The Eu(II)-Phen possessed high-efficiency ECL with the aid of 
tripropylamine (TPA) coreactant, which was certified by DFT, electrochemical and ECL characterization. Then, 
the double enhancement mechanism prompted the ECL efficiency to enhance: i) the high energy transfer effi
ciency brought from the antenna effect of ligand to Eu2+, ii) the faster and more generation of coreactant radical 
(TPA•) catalyzed by Fe3O4-Ag NRs. Moreover, under NIR emission, the constructed ECL sensor with Eu(II)-Phen 
can work stably in the harsh environment such as heavy pollution. Given its high instantaneous luminous effi
ciency, NIR emission, self-enhancement and designable merits, the constructed ECL sensor represents a prom
ising practical platform for trace environmental monitoring to prevent pollutants from attacking the human 
body.   

1. Introduction 

In the near infrared (NIR) luminescence materials, luminescent 
lanthanide complexes (LLCs), such as Tb(pzda)3(NO3)3⋅nH2O [1], Ln 
(DBM)3bath [2], IrIII-EuIIIDOTA [3], have possessed immense attention 
by right of their inherent luminescence superiorities (high luminous 
efficiency, long lifetime and innate narrow emission peak) [4-6]. Among 
them, lanthanide metal–organic frameworks (Ln-MOFs), with merits of 
the good electroconductivity and ample active sites of MOFs [7-9], stand 
out from the LLCs and are better suited to ECL luminescence. In our 
previous works, we constructed the NIR ECL sensors by preparing Eu 
(III)-MOFs as luminophors [10-12]. The high luminescence efficiency 
makes the NIR ECL sensors have outstanding sensitivity and accuracy, 
which can meet the environmental trace detection. In addition to Eu3+, 
due to spin-allowed nature and the stabilization of the 5d orbitals, Eu2+

has the characteristic of 5d–4f transition, therefore Eu2+ can be applied 
into fluorescent lamps, plasma display panels, luminophors of fluores
cence and ECL sensors [13,14]. However, because the Eu2+ is easily 
oxidized into Eu3+ (φEu3+/Eu2+= − 0.38 V), the preparation conditions of 

Eu(II)-MOFs are harsh, and the utilization of Eu2+ is mostly in the form 
of ion doping (such as Ba3Ln(PO4)3:Ce3+)[13-16]. Till now, only few 
pure Eu(II)-MOFs were reported. For example, Liu et al. reported a series 
of EuX2-Nn (X = Br, I, n = 4, 8) with high efficiency and luminance. The 
optimal performance of EuI2-N8 were 25470 cd m− 2 maximum lumi
nance, 62.4 cd A− 1 current efficiency and 17.7% external quantum ef
ficiency, respectively [16]. Albrecht-Schönzart et al. reported [Eu 
(2.2.2B)Cl][BPh4]⋅2CH3OH and [Eu(2.2.2B)(CH3OH)][BPh4] 2⋅CH3OH 
cryptate MOFs with 2.2.2B cryptand as ligand [17]. Therefore, it is 
promising for exploiting an easily prepared and Eu(II)-MOFs to realize 
efficient luminescence. 

The particular 5d–4f transition of Eu2+ endows it with some unique 
virtues compared to Ln3+ and other luminophors, such as the weak 
excited state quenching, the electronic stability, the higher maximum 
luminance and electronic stability, which due to the spin-allowed 
character and the open-shell electron transition form [16,18,19]. In 
addition, the 5d level is near or below 6P7/2, decreasing the multiphoton 
relaxation and enhancing instantaneous luminous efficiency [20]. 
Meanwhile, the Eu2+ owns a 4f 7 system, corresponding to a half-filled 4f 
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subshell, adding to its electronic stability [17]. Low valence metal ions 
may lose electrons to form radicals at a certain positive potential, so as to 
realize anodic luminescence. Hitherto, the vast majority of Eu-MOFs 
used in ECL field are restricted to the applications of cathode. There
fore, the Eu(II)-MOFs with high anodic instantaneous ECL efficiency 
undoubtedly broaden the application range of Eu-MOFs and inject new 
candidates for the construction of efficient ECL sensors to be more 
suitable for rapid response or detection. 

Thanks to the electron loss process, Eu(II)-MOFs may achieve infre
quent anodic ECL of Eu-MOFs, which needs the help of coreactants like 
H2O2 or tripropylamine to improve the efficiency and sensitivity of the 
luminophore-coreactant ECL system [21]. The increase of yield and the 
acceleration of production speed for coreactant radicals can improve the 
efficiency and sensitivity of the luminophore-coreactant ECL system. A 
high-efficiency approach for increasing yield and accelerating produc
tion speed of coreactant radicals is that using the catalysts with high 
performance [22,23]. Fe-based catalysts harvest extensive attention 
powered by their good and unique natures [24]. Among them, Fe3O4 has 
possessed massive attention in catalysis, sensing, magnetic separation, 
drug/gene delivery with merits of its high relaxivity, insoluble property 
and low toxicity [25,26]. In addition, Ag NPs can connect with the 
amino group attached to antigen, antibody and proteins, thus Ag NPs are 
widely applied in sensing, clinical imaging, etc.. Moreover, Ag NPs as a 
precious metal also have good catalytic properties [27]. To sum up, the 
nanocomposites made up of Fe3O4 and Ag NPs can improve catalytic 
efficiency and ECL performance to better meet the needs of rapid and 
sensitive environmental detection. 

With the development of human society, the impact of new envi
ronmental pollutants on humans and animals is becoming more and 
more serious. Among them, especially the environmental estrogen, will 
harm the human endocrine and reproductive system, affect the hor
monal balance of organism, which appear phenomena of bisexual in
dividuals, a substantial reduction in male individual number, 
feminization of the male body and shortness of male genitalia [28-30]. 
Trenbolone is one of the new environmental estrogens, which is known 
as the perfect steroid to be widely used in sports, fitness and graziery 
industry to promote muscle growth to advance the meat production rate. 
Negative effects on the environment are brought from the massive use 
and discharge of trenbolone, thus triggering a demand for trace detec
tion of trenbolone in water resources [31-33]. 

Based on the above thoughts, a pure Eu(II)-MOFs, with high 
instantaneous luminous efficiency, was synthesized by 1,10-phenan
throline as ligand and depended on reductant glycine and protectant 
oleylamine, realizing anodic ECL of Eu(II)-MOFs for the first time. The 
Eu(II)-MOFs with NIR characteristic endowed the constructed ECL 
sensor loose operating conditions, so that the sensor can detect pollut
ants in harsh environment, such as high temperature, high pressure, 
heavy pollution, etc. [10-12]. The constructed ECL sensor can satisfy the 
trace detection of trenbolone commendably with a low limit of detection 
(LOD, 4.42 fg/mL) and a broad detection range from 10 fg/mL to 100 
ng/mL, and even can extend to highly efficient and sensitive detection of 
other environmental pollutants. 

2. Experimental section 

2.1. Preparation of Ag NRs. 

Ag NRs was synthesized according to the literature with some 
modifications [34]. 0.01 mM FeCl3 solution was prepared with glycol, 
and then 20 mL FeCl3 solution was added 1.665 g PVP to form the so
lution a. 20 mL 0.1 M AgNO3 solution was prepared with glycol and 
named the solution b. Next the solution a was added into solution b drop 
by drop under continuous stirring, the final solution was reacted in 
Teflon-lined stainless steel autoclave at 160 ◦C for 3 h. The bright silver 
powders were centrifuged by ethanol and dried overnight at 60 ◦C. 

2.2. Preparation of Fe3O4-Ag NRs. 

Fe3O4-Ag NRs was synthesized according to the literature with some 
modifications [34]. 0.023 g of FeCl3⋅6H2O and 0.012 g of FeSO4⋅7H2O 
were dissolved in 14 mL of glycol, and then the mixed solution was 
heated at 50 ◦C under continuous stirring. 0.1 g as-prepared Ag NRs was 
dispersed in 10 mL of glycol and dropwise added into the aforesaid so
lution. The final solution was heated at 65 ◦C under continuous stirring 
for 20 min. Next, the final solution was mixed with a solution of NaOH 
prepared by glycol (0.1 g NaOH dissolved in 5 mL glycol) and stirred for 
20 min at same temperature. In the end, the solution was transferred 
into a Teflon-lined stainless steel autoclave and reacted for 4 h at 200 ◦C 
to form black Fe3O4-Ag NRs after centrifugal washing several times via 
ethanol. 

2.3. Preparation of Eu(II)-Phen. 

The preparation diagram was displayed in Scheme 1A. 1 mmol 
EuCl3⋅6H2O and 1 mmol 1,10-Phenanthroline were dissolved in the 
mixed solution (ethanol: H2O = 1:1). The 0.3 M NaOH solution was 
dropped into the mixed solution to pH = 7. Next, 0.5 mmol glycine and 
1 mL oleylamine was added into the mixed solution. Finally, the mixed 
solution was transferred into a round bottom flask and reacted for 2 h at 
70 ◦C and then heated to 130 ◦C under continuous stirring for 2 h. The 
white product was obtained after centrifugation and washing several 
times via water. 

2.4. Fabrication of the ECL sensor. 

The establishment process of electrode was shown in Scheme 1B. 
First of all, the bare glassy carbon electrode (GCE) was smoothed with 
polishing powders. Secondly, 8 μL Fe3O4-Ag solution as was dropped on 
the electrode to connect the TB antibody (Ab) and accelerate the gen
eration of coreactant radical. Next, 4 μL of antibody solution (1 μg/mL), 
2 μL of BSA, 6 μL of the mixture of different concentrations TB standard 
substances and antigen@Eu(II)-Phen (the concentration of antigen was 
1 μg/mL) was dropped on electrode successively. After each drip 
coating, the electrode should be dried at 4 ◦C, and then washed with 
water to remove the unbonded parts. Finally, the successfully con
structed ECL sensor was placed at 4 ◦C. 

3. Results and discussion. 

3.1. Characterization of Eu(II)-Phen. 

The XPS survey scan spectrum of Eu(II)-Phen was shown in Fig. S1. 
In XPS spectrum of Eu 3d (Fig. 1A), two strong binding energy values at 
1123.2 and 1152.6 eV are attributable to Eu 3d5/2 and Eu 3d3/2 of Eu2+, 
which accompanied by weak peaks of Eu3+ at 1133.5 and 1163.3 eV 
[11,35]. The weak peaks represented the less content of Eu3+, which was 
assumed as impurities or raw materials that have not been reduced, 
confirming the principal status of Eu2+ in Eu(II)-Phen. The FT-IR spectra 
showed the situations of functional groups in 1,10-Phenanthroline and it 
coordinated with Eu2+. In Fig. 1B, the characteristic peaks of phenan
threne ring (the C = C and C = N stretching vibration of phenanthrene 
ring) in ligand at 1581 and 1551 cm− 1 were red-shifted to a wide band at 
1515 cm− 1, which showed that the N atoms in the phenanthrene ring 
coordinate with the central Eu2+, resulting in the stretching vibration 
decreases and the increase of the electron-donate capability of the 
complex [36]. Meanwhile, this is accompanied by the red-shift of δC-H 
from 738 cm− 1 to 725 cm− 1. Specially, the new absorption peak at 515 
cm− 1 was attributable to the stretching vibration of Eu-N [37]. In 
addition, the broad band corresponded to the VO-H at 3420 cm− 1 [38]. 
These results all proved the successful coordination between Eu2+ and 
1,10-Phenanthroline. In UV–vis spectra (Fig. 1C), the free 1,10-Phenan
throline ligand showed characteristic absorption bands centered at 227 
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and 264 nm. Eu(II)-Phen obtained three narrow absorption bands 
centered at 204, 268 and 276 nm. Among them, the wide peak of ligand 
at 264 nm was red-shifted and split to two narrow peaks of Eu(II)-Phen 
at 268 and 276 nm, which resulted from the coordination of ligands with 
Eu(II) centers, the ligand-to-metal Eu(II) center charge transfer (LMCT) 
process and the 4f7-4f65d1 transitions of Eu2+ [39,40]. The synthesis and 
optical properties of Eu(II)-MOF were also certified by the Fluorescence 
excitation emission spectrum (Fig. 1D). Crystalline powder of Eu(II)- 
Phen shows bright orange emissions with wavelength of 360 nm and 
527 nm, respectively. These emissions correspond to the allowed 
electric-dipole transition 4f65d1 → 4f7 8S7/2 and 4f65d1 → 4f75d1 of Eu2+. 
The excitation bands of Eu(II)-Phen are characteristic Eu2+ peak with 
wavelength of 238 nm and 276 nm, which belong to 4f7 8S7/2 → 4f65d1 

[13,40,41]. The UV–vis-NIR absorption spectrum of Eu(II)-Phen 
exhibited a clean NIR-II signal at 1518 nm, while no peaks were 
observed in NIR region of ligand spectrum, which confirmed the char
acteristic NIR-II luminescence of Eu(II)-Phen (Fig. 1E-F). In addition, the 
morphology and size of the Eu(II)-Phen were investigated by SEM im
aging (Fig. 1G). It can be seen that the fusiform Eu(II)-Phen nanorods 
gathered densely to form a bigger fusiform body with a quite uniform 
size of 100 nm wide and 700 nm long. The width of each monomer 
fusiform Eu(II)-Phen nanorods is about 25 nm. From the Energy 
Dispersive Spectrometer (EDS) spectra and mapping result (Fig. 1H-I), 
the elements of Eu, C, N, Cl contained in Eu(II)-Phen were observed to be 
present and evenly distributed. 

3.2. Characterization of the catalyst. 

The Fe3O4 nanoparticles grown on the Ag nanorods (Ag NRs) was 
used for the catalyst to accelerate the generation of TPA•. For the veri
fication for successful synthesis of Fe3O4-Ag NRs, the X-ray diffraction 
patterns were used to find out the details of their structural composition 
and crystal phase information at first. As can be seen from Fig. 2A, four 
high and sharp peaks at 38.1◦, 44.3◦, 64.4◦ and 77.5◦ were corresponded 
to crystallographic planes of (111), (200), (220) and (311) respec
tively, which belonged to Fe3O4 (JCPDs no. 85–1436). Meanwhile, five 
unconspicuous peaks at 30.1◦, 35.4◦, 43.1◦, 57.0◦ and 62.5◦ were cor
responded to crystallographic planes of (220), (311), (400), (511) and 
(440) respectively, which belonged to Ag (JCPDs no. 04–0783). The 
UV–vis absorption spectra confirmed the composite of Fe3O4 and Ag NRs 
(Fig. 2B). The typical absorption peak was detected at 420 nm, sym
bolizing the surface plasmon resonance of Ag NRs [42]. While loading 
Fe3O4 nanoparticles on Ag NRs, the UV–vis absorption peak was 
redshifted to about 531 nm, illustrating that the load of Fe3O4 nano
particles increased surface charge and changed basic process of electron- 
hole pair formation during irradiation [43]. The homogeneous 
morphology of as-prepared Ag was shown in Fig. 2C, which presented 
nanorods morphology with unified length of 1.2 μm and width of 125 
nm approximately. Next, the sesame stick shape was presented for Ag 
NRs enfolded small Fe3O4 nanoparticles with a diameter of a several 
nanometers (Fig. 2D). According to energy-dispersive X-ray spectros
copy (EDS) and mapping results (Fig. S3-4), the elements of Ag, Fe and O 

Scheme 1. (A) The synthesis route of Eu(II)-Phen. (B) The ECL sensor fabrication process and competitive mechanism.  
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Fig. 1. (A) XPS spectrum in the Eu 3d region for Eu(II)-Phen. (B) FT-IR and (C) UV–vis spectra of Eu(II)-Phen and ligand 1,10-Phenanthroline. (D) Fluorescence 
excitation emission and (E) UV–vis-NIR spectra of Eu(II)-Phen. (F) UV–vis-NIR spectrum of 1,10-Phenanthroline. (G) SEM image and (H) EDS spectrum of Eu(II)- 
Phen. (I) EDS elemental mapping images of Eu, C, Cl and N for Eu(II)-Phen. 

Fig. 2. (A) XRD pattern of as-synthesized Fe3O4-Ag NRs and simulated Fe3O4 and Ag. (B) UV–vis spectra of Fe3O4-Ag NRs and Ag NRs. (C) SEM image of Ag NRs. (D) 
SEM image of Fe3O4-Ag NRs, and the inset figure showed the TEM image of Fe3O4-Ag NRs. XPS spectrum in the (E) Ag 3d and (F) Fe 2p regions for of Fe3O4-Ag NRs. 
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in Fe3O4-Ag NRs were evenly distributed. With the existences of Fe, O, 
Ag and C elements, obvious peaks were observed from the XPS survey 
scan spectrum in Fig. S5A. The high resolution XPS spectrum of Ag 3d for 
the Fe3O4-Ag NRs showed two contributions, Ag 3d5/2 and Ag 3d3/2, 
locating at respectively 368.3 and 374.3 eV (Fig. 2E), which can be 
assigned to the metallic Ag [34,44]. The binding energy values at 710.8 
and 724.4 eV with a spin–orbit splitting of 13.6 eV between Fe 2p3/2 and 
Fe 2p1/2, which matched with the standard reference XPS spectrum of 
Fe3O4 (Fig. 2F) [27,45]. Moreover, in Fig. S5B, the single and high peak 

of O was observed at 530.2 eV, attributing to the oxygen atoms in Fe3O4 
[34]. These results were striking evidences for the successful synthesis of 
Fe3O4-Ag NRs. 

3.3. Proof of enhancement of electro-active surface area and electron 
transfer of Fe3O4-Ag NRs. 

To immobilize trenbolone antibody (TB Ab) on electrode surface, Ag 
NRs were covered on electrode to connect with Ab via Ag-S bonding. 

Fig. 3. (A) The CV curves of Eu(II)-Phen with and without TPA. (B) Fluorescence emission (Em) and ECL spectra of Eu(II)-Phen. (C) The supposed ECL schematic 
diagram of the constructed sensor in TPA. (D) Simple model for energy-transfer processes of ligand to Eu2+ and the f-d transition emission mechanism of Eu2+ in Eu 
(II)-Phen. (E) The frontier molecular orbitals with their HOMO, LUMO energy levels and band gap energies of S0, S1, T1 in 1,10-Phenanthroline. (F) ECL-potential 
curves of different modified electrodes: (a) bare Eu(II)-Phen in PBS contained TPA, (b) bare Eu(II)-Phen in PBS, (c) Eu(II)-Phen/Fe3O4-Ag NRs in PBS contained TPA, 
(d) Eu(II)-Phen/Fe3O4-Ag NRs in PBS, (e) Eu(II)-Phen/Ag NRs in PBS contained TPA and (f) Eu(II)-Phen/Fe3O4 NPs in PBS contained TPA. 

L. Zhao et al.                                                                                                                                                                                                                                    



Chemical Engineering Journal 446 (2022) 136912

6

Moreover, the Ag NRs can also be used as coreactant accelerator based 
on their electrochemical property to catalyze the generation of cor
eactant radicals. However, the traditional fabrication technique may 
cause the agglomeration of Ag NRs on the surface of the electrode, which 
may affect the electroconductibility and catalytic activity. The Fe3O4 
NPs embellished on Ag NRs can make the composite better for catalyzing 
the generation of coreactant radicals by the good electrocatalytic ca
pacity of Fe3O4 and the increscent electrochemically active specific 
surface area (ECSA) of composite, and ameliorating the agglomeration 
of Ag NRs. The cyclic voltammetry (CV) tests were used to prove the 
ECSA and electron transfer of Fe3O4-Ag NRs. In Fig. S6, compared with 
Ag NRs, the current responses of Fe3O4-Ag NRs were higher, which 
demonstrated the faster electron transfer and better electro
conductibility of Fe3O4-Ag NRs [10,11]. 

In addition, the values of ECSA were calculated through the slopes of 
linear relation for reduction peak values vs scan rates and Randles- 
Sovcik equation [10,11]: 

I = 2.69 × 105AD1/2n3/2v1/2c,

in which I, A, D, n, v and c mean the peak reduction current of K3[Fe 
(CN)6], the ECSA to be calculated, the diffusion coefficient of [Fe 
(CN)6]4-/3- at room temperature, the number of electron transfer, the 
scanning rate during this test respectively and the concentration of 
K3[Fe(CN)6] solution, respectively. The calculated ECSA of Ag NRs and 
Fe3O4-Ag NRs were 2.5 mm2 and 3.7 mm2. The increased ECSA and 
electroconductibility of Fe3O4-Ag NRs provided the possibility to cata
lyze the formation of more coreactant radicals. 

3.4. ECL mechanism of Eu(II)-Phen. 

The ECL mechanism of Eu(II)-Phen was researched by CV, fluores
cence emission spectrum and ECL spectrum. First of all, we tested CV of 
Eu(II)-Phen in MeCN containing 0.1 M tetra-n-butylammonium 
perchlorate (orange curve) and in PBS contained 10 mM TPA (red 
curve). From Fig. 3A, the oxidation peak of Eu(II)-Phen at 1.19 V was 
observed in the region of 0–1.3 V (orange curve), the similar oxidation 
peak of Eu(II)-Phen existed in red curve with the oxidation peak of TPA 
→ TPA•+ at about 0.82 V, and no reduction peak was observed in red 
curve, which implied that the holes only injected into the highest 
occupied molecular orbital (HOMO) of Eu(II)-Phen to form Eu(II)- 
Phen•+ [12]. Meanwhile, the similar-trending fluorescence emission 
spectrum and ECL spectrum with maxima of 360 and 662 nm respec
tively demonstrated that the excited state of Eu(II)-Phen (Eu(II)-Phen*) 
for ECL emission generated by the band gap transition (Fig. 3B) [46]. 
Based on these, we speculated that the creation of the exited state of Eu 
(II)-Phen (Eu(II)-Phen*) and its subsequent luminesce was achieved 
with the aid of TPA. The relevant ECL mechanism was shown in the 
Fig. 3C and formulas (1) ~ (6) [21,47]:  

Eu(II)-Phen – e- → Eu(II)-Phen•+ (1)  

TPA – e- → TPA•+ (more)                                                                (2)  

TPA•+ – H+ → TPA• (more)                                                            (3)  

TPA• – e- → P1                                                                               (4)  

Eu(II)-Phen•+ + TPA• → Eu(II)-Phen* + P1                                       (5)  

Eu(II)-Phen* → Eu(II)-Phen + hv                                                      (6) 

The self-enhancement ECL mechanism of the constructed sensor was 
realized by the antenna effect of ligand to Eu2+, the LMCT process was 
verified by UV–vis and fluorescence excitation emission spectra (Fig. 1C 
and D). The Gaussian09 program was utilized to verify the antenna ef
fect theoretically. Specifically, the density functional theory (DFT) cal
culations were proceeded by PBEPBE method and 6–31 G* basis set [48] 
to calculate the HOMO and LUMO energy levels and energies of ground 

state (S0), singlet state (S1) and triplet first excited state (T1) of 1,10-Phe
nanthroline. As can be seen in Fig. 3D, the ligand 1,10-Phenanthroline 
was excited to its S1 with an excitation energy of 20035.62 cm− 1, next 
the electrons were transferred to triplet state (T0) and arrived T1 with a 
phosphorescent emission energy of 17996.65 cm− 1 through intersystem 
crossing (ISC), and then the energy was transferred from T1 to appro
priate 4f75d (J = 5) vibrational level of Eu2+ by nonradiative energy 
transmission. Powered by the sensitization of 1,10-Phenanthroline, Eu2+

released strong luminescence and returned to its ground state of 8S7/2. 
The energy of T1 of 1,10-Phenanthroline was larger than the excited 
state energy of Eu2+ but the energy difference existed in a certain range, 
and the higher LUMO energy level of 1,10-Phenanthroline than Eu2+

demonstrated jointly a possible electron transfer from ligand 1,10-Phe
nanthroline to Eu2+. The HOMO and LUMO energy levels and band 
gap energies of S0, S1 and T1 in 1,10-Phenanthroline were shown in 
Fig. 3E. 

Another self-enhancement ECL mechanism is to promote the more 
and faster generation of TPA radicals (TPA•) powered by the catalysis of 
Fe3O4-Ag NRs. From the ECL-potential curves with different modified 
electrodes (Fig. 3F), the coreactant function of TPA was verified in the 
same modified electrodes with and without TPA (curve a-b). Further, the 
ECL signals were improved under the effect of Fe3O4-Ag NRs (curve c-d). 
Meanwhile, the amplification effect of Fe3O4-Ag NRs on the ECL signals 
is significantly better than that of single Ag NRs (9104 a.u.) or Fe3O4 NPs 
(7538 a.u.) (curves e and f). Furthermore, low and undifferentiated ECL 
signals of curves b and d (ECL systems without TPA) proved the single 
catalysis of Fe3O4-Ag NRs on TPA rather than Eu(II)-Phen. 

3.5. ECL efficiency of Eu(II)-Phen. 

To measure the ECL efficiency (ΦECL) of Eu(II)-Phen, we conducted 
ECL test and CV test for the constructed ECL sensor and calculated ΦECL 
by the equation [12]: 

ΦECL = Φ◦
ECL

(
IQ◦

f /Qf I◦
)

. Specifically, the Φ◦
ECL represents the ECL efficiency in the reference 

system. The reference system is 1 mM [Ru(bpy)3]2+ in 0.1 M (TBA)BF4/ 
acetonitrile solution, and the Φ◦

ECL is 5.0%. I and I◦ are the ECL re
sponses in the Eu(II)-Phen/TPA and reference systems respectively, Qf 
and Q◦

f are the corresponding faradaic charge passed for them. The 
calculated ΦECL of Eu(II)-Phen is about 12.6%, demonstrating Eu(II)- 
Phen possesses high instantaneous ECL efficiency in TPA, which was 
much higher than that of the other luminophors of [Ru(bpy)3]2+ and its 
derivants, and the comparison results were exhibited in Table S1. These 
made the constructed ECL sensor with Eu(II)-Phen can be applied to 
rapid and sensitive environmental detection. 

3.6. Application of ECL sensor for TB. 

We carried out optimal experiments for operating conditions of the 
constructed ECL (Fig. S7) and the quantitative detection for TB under 
the optimized environment. The successful construction of the ECL 
sensor was proved via CV and EIS (Fig. S8), the construction process and 
competitive sensing mechanism of the ECL sensor was showed in 
Scheme 1B. The competition scene has formed because of the competi
tive specific binding of TB antigen and standard substance to TB anti
body, therefore the ECL signals were directly related to the 
concentration of TB standard substance, which resulted in a degressive 
signal trend as the TB concentration increased. This phenomenon was 
intuitively reflected via three-dimensional working curves and their 
corresponding linear relation. As shown in the Fig. 4A-B, the ECL signals 
decreased linearly with the linear relation of I = 11919.0 lg c − 906.0 
(R2 = 0.992) in the same time period. The resulting detection limit is 
4.42 fg/mL, which was lower than the reported detection methods for 
TB (Table S2). 
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In addition to ECL signals of the constructed sensor, stability and 
other performances are also the important criterions to measure its 
practicality. Firstly, we showed several detection signals of different 
concentrations of TB in a period of time (Fig. 4C), the ECL signals can 
always keep an equilibrium state, which verified the good stability of the 
constructed sensor. Secondly, very small differences between seven 
electrodes were observed in Fig. S9, verified the good reproducibility 
with the relative standard deviation (RSD) of 3.1%. Thirdly, the selec
tivity was tested in interferents (10 ng/mL) and mixture (1 ng/mL TB +
10 ng/mL interferents), the ECL signals were high about 11,500 a.u. and 
different from that in bare TB and mixture, which verified the 
outstanding selectivity of the constructed sensor (Fig. 4D). Finally, the 
feasibility of constructed ECL sensor for the analysis of real samples was 
inspected. The real water samples from three rivers were measured 3 
times to obtain the initial concentrations. Then the accuracy and pre
cision of the sensor were investigated by standard addition method for 
the initial sample. After 5 times testing, the recovery rates and RSD were 
calculated as 96.7–103% and 1.1–4.2% respectively, which confirmed 
the high accuracy and precision of the constructed ECL sensor. The 
relevant results were presented in Table S3. To summarize, the con
structed ECL sensor has good stability, reproducibility, selectivity and 
practicability, and can well meet the needs of trace detection of envi
ronmental estrogen in the real environment. 

4. Conclusion 

In summary, we demonstrated a rare Eu(II)-MOF based on the 
reductant of glycine and the protectant of oleylamine, featuring high 
instantaneous anodic electroluminescence efficiency for trace detection 
of environmental estrogens. Remarkably, the ECL mechanism of the 
constructed sensor depended on TPA was understood by CV, ECL and 
other test methods. The dual self-enhancement mechanisms with the 
antenna effect of ligand to Eu2+ and the catalysis of Fe3O4-Ag NRs for 
TPA improved ECL signal and efficiency, which made the constructed 
sensor possess low LOD of 4.42 fg/mL and wide detection range of 10 fg/ 
mL ~ 100 ng/mL. Moreover, the NIR luminescence characteristics of Eu 
(II)-Phen endowed the constructed sensor with working competence in 
harsh environment, therefore the ECL sensor is more suitable for the real 
environmental monitoring. This work not only provides a strategy to 

design and simply synthesize Eu(II)-MOF to avoid oxidation of Eu2+ into 
Eu3+ but also provides a platform for trace detection of enironmental 
estrogens to contribute to human health. 
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Appendix A. Supplementary data 

Chemicals and reagents, Characterization and measurement equip
ments, XPS survey spectrum of as-prepared Eu(II)-Phen, XRD patterns of 
as-synthesized and simulated Eu(II)-Phen, EDS spectrum of as-prepared 
Fe3O4-Ag NRs, SEM image and elemental mapping of Ag, Fe and O for 
Fe3O4-Ag NRs, XPS spectra of as-prepared Fe3O4-Ag NRs, CV curves and 
linear relations of modified electrodes, Optimization of experimental 
conditions, Electrochemical performance of the biosensor, Repeatability 
of the biosensor under the detection of seven different electrodes, 
Comparison of ECL efficiency of different luminophors, Comparison of 
sensitivity of different methods for trenbolone detection, Standard 
addition data of purposed ECL sensor for trenbolone detection. Sup
plementary data to this article can be found online at https://doi. 
org/10.1016/j.cej.2022.136912. 
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