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Abstract: Existing states of silver depend on the sintering temperature in the SiO2 

three-dimensionally ordered macroporous (3DOM) materials. Several species related 

to the silver (Ag+ ions, Ag+–Ag+ and Ag nanoparticles) were demonstrated in the SiO2 

3DOM materials prepared by 550 oC. Only Ag nanoparticles were observed in the 

SiO2 3DOM materials prepared by 750 oC. The influence of silver species on 

photoluminescence properties of Eu3+ was investigated systematically in the SiO2 

3DOM materials. The results show that photoluminescence enhancement of Eu3+ ions 

was obtained by Ag species in the SiO2 3DOM materials. For the SiO2 3DOM 

materials prepared by 550 oC, the enhancement of Eu3+ luminescence is attributed to 

energy transfer from Ag+–Ag+ to Eu3+ under the excitation of 345 or 280 nm, while 

luminescence enhancement of Eu3+ is due to energy transfer from isolated Ag+ to Eu3+ 

under the excitation of 245 nm. For the SiO2 3DOM materials prepared by 750 oC, the 

luminescence of Eu3+ were enhanced due to plasmon resonance effect of Ag 

nanoparticles. 

Keywords: Photoluminescence; energy transfer; plasmon resonance; three 

dimensionally ordered macroporous; silver species 
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Introduction 

Three dimensionally ordered macroporous (3DOM) materials (inverse opal 

photonic crystals) consisted of metals, inorganic metals or polymer materials have 

been attracting much attention because of their potential applications in the separation 

and adsorbent media and so on.1-6 In addition, the rare earth doped 3DOM materials 

were predicted to have unique optical properties, and the modification of linear or 

nonlinear optical properties from rare earth ions could be realized in such a material. 

Therefore, the rare earth doped 3DOM materials have wide interests in applications to 

the fields of optoelectronics and optical communications. For example, laser with 

lower threshold value and light emitting diodes with higher efficiency could be 

fabricated. Despite various advantages, there have many challenges for practical 

applications of the rare earth ions doped 3DOM materials. One obvious challenge is 

low emission efficiency of the rare earth ions doped 3DOM materials that caused by 

the small absorption cross section of rare earth ions due to its parity forbidden 

character of 4f–f transitions. At present, several methods such as Li+ doping and 

energy transfer were used to enhance the emission efficiencies of rare earth ions 

doped 3DOM materials.7, 8  

As a valuable approach, surface plasmons (SPR) of noble metal nanoparticles 

have been proposed to modify the photoluminescence property of rare earth ions.9 

The excitation field and the radiation rate of rare earth ions in the vicinity of metal 

nanoparticles could be enhanced, resulting in the luminescence enhancement of rare 

earth ions. Very recently, the photoluminescence enhancement of rare earth ions in 

colloids, glasses, or thin films was reported by the coupling of rare earth ions 

luminescence with the SPR of noble metal nanoparticles.10,11 Among various noble 

metals, noble silver was used extensively to enhance the luminescence of rare earth 
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ions. In contrast to other noble metals such as gold, noble silver has an obvious 

advantage to enhance luminescence of rare earth ions, that is existing states of silver 

is abundant in the glasses, or thin films including Ag+, Ag+-Ag+, Ag0, Ag clusters 

(Ag2-Ag12) and nanoparticles.12-17 Moreover, various existing state silvers could be 

used to enhance the luminescence of rare earth ions. For example, the influence of 

silver species such as Ag+, Ag+-Ag+, Ag0, Ag clusters and nanoparticles on the 

luminescence property of rare earth ions were reported in the glasses.16 However, as 

we know, there have been no experiment reports on the luminescence enhancement 

of rare earth ions doped 3DOM materials by various silver species. In addition, white 

light emitting diodes (WLED) has been an increasing interest owing to their potential 

applications in solid state lightings, displays and other photonic devices. One of the 

approaches to obtain WLED is the combination of yellow phosphors with blue diode 

chips (450–470 nm). However, this kind of WLED has poor color rendering index 

because of the lack of red light. In ordered to overcome this problem, another WLED 

is achieved by using a diode chip with shorter wavelength emission to excite three 

primary colors phosphors. Very recently, the diode chips from 325-350 nm (deep 

ultraviolet) to a shortest ultraviolet emission of 210 nm could be prepared. 

Correspondingly, the materials excited by different excitation wavelength were need 

for white LED. In the present work, we present preparation and photoluminescence 

properties of a new luminescent materials consisting of the SiO2: Eu 3DOM 

materials and including Ag species under the different excitation wavelength of 245, 

280, 345nm. The influence of silver species on luminescence of Eu3+ was 

investigated in the SiO2 3DOM materials under the different excitation wavelength. 

The luminescence enhancement of Eu3+ could be observed under the excitation of 

245, 280, 345nm, and the enhancement mechanisms of Ag species on luminescence 
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of Eu3+ were discussed in the SiO2 3DOM materials. 

Experimental 

Ordered opal templates were self-assembled on the quartz slides through the 

vertical deposition process of polystyrene (PS) microspheres with diameters of 380 

nm. Typically, the PS microspheres were added to a small glass vessel. Clean quartz 

slides were placed vertically into the PS microsphere solution, which was placed in a 

50 °C oven over a period of 5 to 6 days. After solvents volatilized spontaneously, the 

PS colloidal microspheres slowly self-assembled into highly ordered opal template on 

the quartz substrate driven by surface tension of the liquid. 

The preparation of SiO2: x Ag (x=0 and 0.6 mol%), y Eu (y=0, 2 mol%) 3DOM 

materials were achieved by the template-assisted method, using tetraethyl 

orthosilicate [Si(CH3CH2O)4, TEOS], Eu(NO3)3 and AgNO3 as raw materials. In the 

preparation of the SiO2: Ag, Eu sol, stoichiometric amounts of Eu(NO3)3, AgNO3 and 

Si(CH3CH2O)4 were dissolved in ethanol, respectively, then the above three solutions 

were mixed together. The mixture was stirred for 3h, forming a homogeneous 

transparent SiO2: Ag, Eu solution. The prepared SiO2: Ag, Eu solutions were used to 

infiltrate into the voids of the opal template. After infiltration, the resulting samples 

were sintered in an air furnace at 550 or 750 oC to remove the PS microspheres, and 

the Ag species including SiO2: Eu 3DOM materials were obtained. 

 The morphology of SiO2: Ag, Eu 3DOM materials was recorded on the 

scanning electron microscope (QUANTA200) after sputtering the samples with a thin 

layer of gold and the chemical compositions of the SiO2: Ag, Eu 3DOM materials 

were analyzed by an energy dispersive x-ray spectroscopy (EDS) attached to a 

QUANTA200 scanning electron microscope (SEM). Specimen preparation for TEM 

observation was achieved by scrapping off SiO2: Ag, Eu 3DOM materials and 
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subsequent deposition on ultrathin holey carbon coated copper grids. Then 

transmission electron microscope (TEM) images of samples were taken using a JEOL 

2100 transmission electron microscope. The optical absorption spectra of 3DOM 

materials were measured on a HITACHI U–4100 type spectrophotometer (Hitachi, 

Tokyo, Japan). The photoluminescence spectra were measured with a HITACHI 

F-7000 fluorescence spectrophotometer using a static 150 W Xe lamp as the 

excitation source. The excitation spectra were recorded at room temperature on the 

same Hitachi F-7000 spectrophotometer. Lifetime decay curves were measured on an 

Edinburgh FLS980 spectrofluorometer (UK). X-ray photoelectron spectroscopy (XPS) 

studies were carried out using an Mg-Kα X-ray source (200 W) in an ultrahigh 

vacuum chamber (≤2.0x10-9 mbar). 

Results and discussions  

1、、、、Enhanced photoluminescence of Eu3+ ions by energy transfer from Ag+-Ag+ to 

Eu
3+
 in the SiO2 three-dimensionally ordered macroporous materials 

The SiO2: 0.6 mol% Ag without Eu3+ and SiO2: 2 mol% Eu without Ag 3DOM 

materials sintered at 550 °C were denoted as the SiO2-Ag and SiO2-Eu, respectively. 

The SiO2: 0.6 mol% Ag, 2 mol% Eu and pure SiO2 without Eu3+ and Ag 3DOM 

materials sintered at 550 °C were denoted as the SiO2-Eu-Ag and pure SiO2 3DOM 

materials, respectively. Figure 1 (a) and (b) show that the low- and high-magnified 

SEM images of SiO2-Ag-Eu 3DOM material, respectively. From the SEM images, it 

is noted that a long-range ordered hexagonal arrangement was observed in the 

SiO2-Ag-Eu sample, and the SiO2-Ag-Eu 3DOM material was obtained. The 

microstructure characteristics of other SiO2 3DOM materials are similar with that of 

the SiO2-Ag-Eu 3DOM material sintered at 550 °C. The EDS analyses of SiO2-Ag-Eu 

3DOM material sintered at 550 °C were performed, as shown in Figure 1(c). It 
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confirms that the main element peaks of Si, Eu, O and Ag were observed. 

Additionally, the Au peak in the EDS curve is also observed, which is attributed to an 

Au thin film coated on the sample surface to increase the sample’s conductivity. 

Figure 2 (a) shows the TEM image of the SiO2-Ag-Eu 3DOM material. The 

silver nanoparticles were observed in the SiO2-Ag-Eu 3DOM material prepared at 

550°C. In order to further demonstrate the formation of Ag nanoparticles in the SiO2 

3DOM materials, the absorption spectra of pure SiO2, SiO2-Eu, SiO2-Ag and 

SiO2-Ag-Eu 3DOM materials were measured, as shown in the Figure 2(b). From the 

absorption spectra, it can be seen that the pure SiO2, SiO2-Eu, SiO2-Ag and 

SiO2-Ag-Eu 3DOM materials display an obvious absorption band centering at 510 nm，

which is attributed to Bragg diffraction of the ordered periodic structure (photonic 

band gap). In contrast to the absorption spectra of the SiO2 and SiO2-Eu 3DOM 

materials without Ag, an absorption band about located at 410 nm was observed in the 

SiO2-Ag and SiO2-Ag-Eu 3DOM materials, which is contributed to the surface 

plasmon resonance absorption of silver nanoparticles.18,19 The results of absorption 

spectra demonstrated further that silver nanoparticles were formed indeed in the 

SiO2-Ag-Eu 3DOM material. The intense absorption peaks ranging from 200-300 nm 

was attributed to the intrinsic oxygen deficient defects of the SiO2 host.20 The XPS 

spectra of SiO2-Ag-Eu 3DOM material were measured, as shown in the Figure 2(c). 

Form the XPS spectra, it can be seen the binding energy related to the Ag species 

were located at 367.9 and 368.4 eV, which reveals that the chemical state of silver in 

the SiO2-Ag-Eu 3DOM material were Ag+ and Ago. 21 

The excitation spectra of pure SiO2, SiO2-Ag and SiO2-Eu 3DOM materials 

sintered at 550 oC were shown in Figure 3. The excitation spectrum monitored at 396 

or 360 nm emissions in the pure SiO2 3DOM materials formed at 550 oC consists of a 
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excitation band located at 245 nm and a excitation band at 280 nm. The excitation 

band at 245 nm and a excitation band at 280 nm were corresponding to the intrinsic 

oxygen deficient and ≡Si-O-O-Si≡ defects of the SiO2 host,22, 23 respectively. Similar 

excitation bands related to the intrinsic oxygen deficient defects and ≡Si-O-O-Si≡ 

defects were observed in the SiO2 host.22, 23 For the excitation spectrum of SiO2-Ag 

3DOM, a excitation band centered at 245 nm monitored at 396 nm emissions was 

observed. Various silver species such as simple ions Ag+, double ions (Ag+)2 and 

(Ag2)
+ and more complex ions (Agn)

m+ can be formed in the SiO2 matrices.16 The 

excitation band at about 245 nm from the Ag+ was observed in the glass hosts, which 

is attributed to the transitions of  4d10(1S0)→4d95s(1D2)from Ag+.24, 25 Moreover, the 

emission band located at the 390 nm from 4d95s(3D1-3) to 4d10(1S0) of the Ag+ was 

also obtained in the glass excited at the 245 nm,24, 25 which is very similar with 

present results. Therefore, we think that the excitation band centered at the 245 nm 

may be related to both the Ag+ and defects of SiO2 host in the SiO2-Ag 3DOM 

materials, which was further demonstrated by the corresponding emission spectrum 

and the lifetime presented in the next section. For the excitation spectrum monitored 

at 614 nm emission in the SiO2-Eu 3DOM materials formed at the 550 oC, a excitation 

band around 245 nm and line excitation peak at 393 nm were observed, as shown in 

the inset pattern of Figure 3. The line excitation peak located at 393 nm results from 

the transitions of Eu3+, while the origin of the excitation band located at 245 nm could 

be ascribed to the defects of SiO2 host. The excited spectrum monitored at 540 nm 

emissions in the SiO2-Ag 3DOM sample was also present in the Figure 3. The 345 nm 
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broad excited bands in the region of 220-400 nm is attributed to the Ag+-Ag+ pairs in 

the SiO2-Ag 3DOM sample, which is very similar with previous result.17 The Ag+ can 

aggregate to form the Ag+−Ag+ pairs when the distance between the Ag+ ions is closed 

to 3 Å. 25, 26 On the basis of previous structural investigations of various crystalline 

silver compounds, these Ag+−Ag+ pairs formation are attributed to homoatomic 

interactions between closed d10 shells. 25-27 In order to demonstrate the presence of 

Ag+−Ag+ pairs, only Ag+ including SiO2-Ag 3DOM sample were prepared at 

400°C.12 The XPS spectra of only Ag+ including SiO2-Ag 3DOM sample were 

measured, as shown in the Fig. 2(c). The binding energy of Ag+ is about 367.6 eV. 

The binding energy of the SiO2-Ag 3DOM sample prepared at 550°C is about 0.3 eV 

higher than the value of Ag+. The binding energy shift may be induced by the 

interaction between Ag+ ions due to formation Ag+-Ag+ pairs. In the SiO2 3DOM 

materials, the Eu3+ ions and Ag+−Ag+ were located at the amorphous network 

structure of SiO2 and the Ag nanoparticles were embedded into the nanosized wall of 

SiO2 3DOM materials, as shown in Scheme 1 in the supporting information.  

Figure 4 shows the emission spectra of pure SiO2, SiO2-Ag, SiO2-Eu and 

SiO2-Ag-Eu 3DOM materials under the excitation of 280 nm. An emission band 

located at 360 nm and shoulder at 460 nm were observed in the all 3DOM materials. 

It is well known that various luminescent defects including ≡Si-O-O-Si≡, ≡Si-Si≡ and 

oxygen deficient defects can be formed in the SiO2 host.22, 28, 29 The emission band 

located at 360 nm and shoulder at 460 nm may be attributed to the ≡Si-O-O-Si≡ and 

≡Si-Si≡ defects of SiO2 host in the all 3DOM materials, respectively, and the similar 
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results were reported in the previous works. 22, 28, 29 In the SiO2-Ag 3DOM material, it 

is obvious that the shape of emission spectrum is different in comparison with that of 

pure SiO2 3DOM material without Ag under the excitation of 280 nm. Besides the 

360 nm broad emission band from ≡Si-O-O-Si≡ defects, another broad emission band 

at 540 nm was observed in the emission spectrum of the SiO2-Ag 3DOM material, 

which indicated that the 540 nm broad emission band must be from Ag active centers. 

According to previous reports, silver species with various existed states were formed 

in the SiO2 hosts, and they exhibited interesting luminescent properties ranging from 

UV to red emissions.17, 30 The 550 nm green emission attributed to the Ag+-Ag+ was 

obtained under the excitation of 350 nm,17 and the emission band from 340 to 410 nm 

of Ag+ was also observed excited at 275 nm.29 The broad band at 540 nm may be 

attributed to Ag+-Ag+ in the present work. To further investigate the origin of emission 

bands located at the 360 and 540 nm, decay curves of the 360 and 540 nm 

luminescence in the pure SiO2, SiO2-Eu, SiO2-Ag and SiO2-Ag-Eu 3DOM samples 

were measured under the 280 nm excitation, respectively, as shown in Figure 5. The 

luminescence decay times can be fitted by the second-order exponential technique 

based on the following equation: 31 

 � = �� ��� �	
��
 + �� ��� �	
��
		            (1) 

where I is the luminescence intensity; A1 and A2 are fitting parameters; t is the time, τ1 

and τ2 are luminescence lifetimes. The second-order exponential fitting suggested that 

there are two luminescent mechanisms to contribute the emission band 360 or 540 nm. 

The total luminescence intensity of the SiO2 3DOM materials comes from the active 
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luminescent ions at the surface and the interior active luminescent ions of 3DOM 

materials. The wall of the 3DOM materials is nanosized, and the many active 

luminescent ions may be located at surface. The photoluminescence of active 

luminescent ions located at surface of nanomaterials were quenched by the surface 

defects and impurities.32 The luminescence decay from active luminescent ions at the 

surface may be different from that of interior active luminescent ions due to surface 

defects and impurities. Therefore, the decay curve exhibits double exponential nature 

due to the different sites of active luminescent ions. The fitting curves were provided 

in the Fig.1 in the supporting information. Based on the τ1 and τ2 values fitted by 

equation (1), the average lifetime (τ) can be calculated by the following equation. 33 

� = �����������
���������

                           (2) 

The corresponding lifetimes (τ) were given in the Table I. It can be seen that the 

lifetime of monitoring maximum 360 nm and long tail 540 nm emission from the 

≡Si-O-O-Si≡ defects is almost same (6.5µs) in the pure SiO2 3DOM materials. The 

decay lifetime of 540 nm emission in the SiO2-Ag 3DOM material is 63 µs. The 

notable change of lifetime from 6.5 to 63 µs is attributed to the difference of active 

luminescent centers in the pure SiO2 and SiO2-Ag 3DOM materials. The 6.5 µs 

lifetime is attributed to the SiO2 defects in the pure SiO2 3DOM materials, while the 

63 µs lifetime is the combination of lifetime from SiO2 defects and Ag+-Ag+ pairs in 

SiO2-Ag 3DOM materials. The luminescence lifetime of Ag+-Ag+ pairs is related to 

the hosts. The luminescence lifetime of Ag+-Ag+ pairs is related to the hosts. The 60 

µs lifetime of Ag+-Ag+ pairs was reported in the Na2-xAgxZnP2O7 
25, which is shorter 
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than that obtained in the present work. The 89 µs lifetime of Ag+-Ag+ was obtained in 

the aluminophosphate glass matrix,24 while the lifetimes of Ag+-Ag+ pairs is from 125 

to175µs in the Ag2O-ZnO-P2O5 glass.17 In the present work, the short lifetime of 540 

nm from SiO2 host may result in decreasing of the final lifetime of 540 nm in the 

SiO2-Ag 3DOM material in comparison with that of Ag+-Ag+ pairs. Therefore, the 

true lifetime from the Ag+-Ag+ should be longer than 63 µs in the SiO2-Ag 3DOM 

material. Here the lifetime from the Ag+-Ag+ is different from these reported by the 

previous works, which may be attributed to crystal field difference around the 

Ag+-Ag+ in the SiO2 host in contrast to the previous hosts.25 In addition, the lifetime 

of the 360 nm emission is almost same in the pure SiO2, SiO2-Eu, SiO2-Ag and 

SiO2-Ag-Eu 3DOM samples, indicated that the 360 nm emission is from the same 

active defect centers, and no energy transfer from SiO2 to Ag+-Ag+ pairs occurs under 

the excitation of 280 nm. As seen form table I, the value of A1 is less than that of A2 

for the lifetimes of the Ag+-Ag+ pairs, suggested that the interior Ag+-Ag+ pairs is the 

main luminescent centers for the 540 nm emissions in the 3DOM materials. However, 

the value of A1 is much larger than that of A2 for the lifetimes of 360 nm from the 

≡Si-O-O-Si≡ defects. It indicates that the more ≡Si-O-O-Si≡ defects may be located at 

the surfaces of 3DOM samples in contrast to the Ag+-Ag+ pairs. It is well known that 

the ≡Si-O-O-Si≡ defect in the SiO2 host is kind of oxygen-surplus defects.22,23 The 

≡Si-O-O-Si≡ defects were formed by the reaction between ≡Si-Si≡ defects and O2.
22 

At the surfaces of 3DOM materials, more O2 may get in touch with the ≡Si-Si≡ 

defects, which may result in the formation of more ≡Si-O-O-Si≡ defects. Thus, the 
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values of A1/A2 for the lifetimes of the ≡Si-O-O-Si≡ defects are larger than these of 

Ag+-Ag+ pairs. On the other hand, considering the influence of surface defects and 

impurities, the responding lifetime from surface Ag+-Ag+ should shorter than that of 

interior. However, the τ1 is larger than τ2 in the present works. The influence factors of 

lifetime are complicated. The crystal field difference around the surface and interior 

Ag+-Ag+ pairs in the SiO2 3DOM materials may be considered besides the influence 

of surface defects and impurities. The specific reasons may be investigated in future. 

In addition, the line emissions of Eu3+ were observed in the emission spectra of 

the SiO2-Eu and SiO2-Ag-Eu 3DOM materials, as shown in Figure 4. Obviously, the 

sharp peaks at 590 and 614 nm are related to 5D0→
7F1 and 

5D0→
7F2 transitions of 

Eu3+, respectively. Luminescence enhancement of Eu3+ was observed in the 

SiO2-Ag-Eu 3DOM sample under the excitation of 280 nm in comparison with that of 

SiO2-Eu 3DOM sample. The emissions of Eu3+ increase by 11 fold after the addition 

of Ag. There are two reasons for the enhancement. One is the energy transfer from the 

Ag+-Ag+ to Eu3+. Based on the decay lifetime (Table I and Figure 5) of the 540 nm 

emission in the SiO2-Ag and SiO2-Ag-Eu 3DOM samples under the 280 nm excitation, 

the lifetime from the Ag+-Ag+ was found to decrease in the SiO2-Ag-Eu sample in 

contrast to the SiO2-Ag sample without Eu3+, indicating the presence of energy 

transfer from Ag+-Ag+ to Eu3+. Another reason may be associated with the surface 

plasmons effect of Ag nanoparticles. According to the TEM image and absorption 

spectrum of SiO2-Ag-Eu sample, part Ag+ transform to Ag nanoparticles in the 

SiO2-Ag 3DOM material sintered at the 550 oC. Hence, for the SiO2-Ag-Eu 3DOM 
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material, another origin of the luminescence enhancement of Eu3+ is contributed to the 

increasing of radiative decays rate and population of excited level of Eu3+ caused by 

the surface plasmons effect of Ag nanoparticles. Influence of surface plasmons effect 

of Ag nanoparticles on luminescence property of the SiO2-Ag-Eu 3DOM material was 

investigated in the 3th section. 

Figure 6 (a) shows the luminescent spectra of pure SiO2, SiO2-Eu, SiO2-Ag and 

SiO2-Ag-Eu 3DOM samples under excitation at the 345 nm. Broad emission band 

located at about 400 nm ranging from 360 to 700 nm can be seen in all the SiO2 

3DOM samples, which is the characteristic emission of defect of SiO2 host. A 540 nm 

broad emission band from Ag+-Ag+ was also observed in the SiO2-Ag 3DOM material. 

For the emission spectra of the SiO2-Eu and SiO2-Ag-Eu 3DOM materials, typical 

line emissions of Eu3+ were observed in the SiO2-Eu and SiO2-Ag-Eu 3DOM samples. 

The emission intensity of Eu3+ in the SiO2-Eu 3DOM material is very weak, while 

emission intensity in SiO2-Ag-Eu 3DOM material increases and an enhanced Eu3+ 

emission by 12.8 times were obtained. Enhanced emission of Eu3+ in the SiO2-Ag-Eu 

3DOM material was attributed to the plasmons effect of Ag nanoparticles and energy 

transfer from Ag+-Ag+ to Eu3+. To further testify the presence of energy transfer from 

Ag+-Ag+ to Eu3+, decay curves of 540 nm luminescence of SiO2-Ag and SiO2-Ag-Eu 

3DOM samples were measured under the 345 nm excitation, as shown in Figure 6(b). 

The luminescence lifetime at the 540 nm for SiO2-Ag 3DOM sample is about 48 µs 

under the excitation of 345 nm. After the Eu3+ addition, the luminescence lifetime at 

540 nm from Ag+-Ag+ decreased to 23 µs in the SiO2-Ag-Eu 3DOM sample. The 
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decreasing of decay lifetime from Ag+-Ag+ is strong evidence for the energy transfer 

from Ag+-Ag+ to Eu3+.  

2、、、、Enhanced photoluminescence of Eu3+ ions by energy transfer from Ag+
 to Eu

3+ 

in the SiO2 three-dimensional ordered macroporous materials 

Figure 7(a) shows emission spectra of pure SiO2, SiO2-Ag, SiO2-Eu and 

SiO2-Ag-Eu 3DOM samples prepare at 550 oC under the excitation of 245 nm. An 

emission band located at 396 nm was observed in the pure SiO2 and SiO2-Eu sample, 

which may be attributed to the defect of pure SiO2 host. As the excitation was 250 nm, 

the 395 nm emission band attributed to SiO2 defects was reported in the pure SiO2 

host. 23 The evolution of this emission band after the Ag addition is presented. In the 

SiO2-Ag and SiO2-Ag-Eu samples, an emission band at about 396 nm was obtained. 

However, the shape of emission spectrum of pure SiO2 3DOM materials without Ag 

is obvious different in comparison with that of SiO2-Ag 3DOM material under the 

excitation of the 245 nm. Therefore, the origin of the 396 nm emission may be not 

attributed to the same active centers under a 245 nm excitation in the pure SiO2 and 

SiO2-Ag 3DOM material. Previously, the broad emission band at about 400 nm from 

4d95s(3D1-3) to 4d10(1So) of the Ag+ was observed in the glass hosts under the 

excitation of 245 nm,24,25 which is very similar with present results. Therefore, we 

think that the 396 nm broad emission band is related to both Ag+ ions and SiO2 

defects in the SiO2-Ag 3DOM material prepared at 550 oC. Figure 7 (b) shows the 

luminescence lifetime at the 396 nm for the pure SiO2, SiO2-Ag, SiO2-Eu and 

SiO2-Ag-Eu 3DOM materials under the excitation of 245 nm. It can be seen that 

lifetimes are different in the all 3DOM materials. The Ag addition in the SiO2 3DOM 

can increase the luminescence lifetime at the 396 nm. It can be concluded that the 

origin of 396 nm emission band in the SiO2-Ag 3DOM materials may be not only 
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attributed to the defects of SiO2 under a 245 nm excitation. The reported decay time 

of Ag+ ions is about 12 µs,30 which is the same with the present work. Therefore, 

lifetime measurement had further proved that the Ag+ ions occurred indeed in the 

SiO2-Ag 3DOM material prepared by 550 oC. A very weak line emission from Eu3+ 

was observed in the SiO2-Eu 3DOM material under the 245 nm excitation, which is 

attributed to the energy transfers from silica matrix to the Eu3+. The emission intensity 

and lifetime (τ) at 396 nm(As shown in table II) from the SiO2 defects in the SiO2-Eu 

3DOM material was decreased in contrast to the pure SiO2 3DOM material excited at 

the 245 nm, suggested that the energy transfers from silica matrix to the Eu3+ occurred. 

In addition, luminescence of Eu3+ was significant enhanced in the SiO2-Ag-Eu 3DOM 

samples after addition of Ag, and about 8 fold enhancement was obtained, which is 

attributed to energy transfer from Ag+ to Eu3+. The energy transfers from Ag+ to Eu3+ 

can be demonstrated by comparing the variety of emission intensity and lifetimes in 

the SiO2-Ag and SiO2-Ag-Eu 3DOM materials. 

Possible energy transfer process from the Ag+-Ag+ or Ag+ to Eu3+ were 

investigated based on their energy level diagram, as shown in Figure 8. Upon 280 or 

345 nm excitation, the Ag+-Ag+ pairs are excited from the ground state to the excited 

state. An excited the Ag+-Ag+ pairs transfers the excitation energy to neighboring Eu3+ 

ions, leading to the population of 5D3 excited level of Eu3+ ions. Then Eu3+ ions in the 

5D3 excited level relaxed nonradiative to luminescent 5D0 level. The radiative 

transition from 5Do level to 7F0-3 level results in the characteristic emissions of Eu3+ 

ions. For the energy donor from Ag+ to Eu3+ ions, the excitation level of Ag+ was 

populated under the excitation of 245 nm. An excited Ag+ ions transfer their energy to 

a neighboring Eu3+ ions, promoting transition of Eu3+ ions from ground state to the 

5D3 excited state. The luminescent excitation 5D0 level of Eu3+ was populated by 
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nonaradiative relaxation from 5D3
 level, resulting in characteristic emissions of Eu3+ 

ions. 

Color tunbility of the photoluminescence emission is required for the application 

of lighting and display devices. Many approaches have already been proposed for 

this purpose, including co-doping of various active centers, using of different 

excitation wavelength and variety of doping concentration of active centers. Among 

these methods, using of different excitation wavelength has been demonstrated to be 

a convenient and versatile technique for generating color tunable emission. The 

above results show that the color tunable emission of the SiO2-Ag and SiO2-Ag-Eu 

3DOM materials can be obtained by changing the excitation wavelength. In order to 

obtain the true color of SiO2-Ag and SiO2-Ag-Eu 3DOM materials, the chromaticity 

coordinates (CIE) of the SiO2-Ag and SiO2-Ag-Eu 3DOM materials under the 

excitation of 245, 280, 345 nm are calculated based on the photoluminescence 

spectra, as shown in Figure 9. It is obvious that the photoluminescence color tunbility 

can be obtained by changing the excitation wavelength. It is interesting that the white 

emission was observed under the excitation of 280 nm in the SiO2-Ag 3DOM 

materials, indicated that it can potentially be used as a new efficient white 

luminescent material. 

3、、、、Photoluminescence enhancement of Eu3+ by SPR of Ag nanoparticles in SiO2 

three dimensional ordered macroporous material 

The influence of Ag nanoparticles on Eu3+ luminescence in SiO2: Ag, Eu 3DOM 

material was investigated. Figure 10 (a) shows the TEM image of the SiO2: 2mol% 

Eu, 0.6mol% Ag 3DOM material prepared by 750 oC. The larger silver nanoparticles 

in the SiO2: 2mol% Eu, 0.6mol% Ag 3DOM material prepared at 750°C were 

obtained in comparison with that of SiO2: 2mol% Eu, 0.6mol% Ag 3DOM material 
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prepared at 550°C. The high resolution TEM image of Ag nanoparticles in the SiO2: 

2mol% Eu, 0.6mol% Ag 3DOM material was shown in Figure 10 (b). It is noted that 

the lattice fringes of the individual Ag nanoparticle are clearly observed, and the 

distance between the lattice fringes was about 0.144 nm, which match with the 

spacing of the (220) lattice planes of the Ag. 

Figure 10(c) shows the absorption spectra of SiO2: 2mol%Eu with and without 

0.6 mol% Ag 3DOM materials prepared by 750 oC. It can be seen that an obvious 

intense plasmon resonance absorption band from silver nanoparticles was observed 

in contrast to that of SiO2: 2mol%Eu, 0.6mol% Ag 3DOM material sintered at 550 

oC, which is attributed to the formation of more and larger Ag nanoparticles in the 

3DOM material prepared by 750 oC. Figure 10(d) shows the excitation spectrum of 

SiO2: 2mol%Eu, 0.6mol%Ag 3DOM materials prepared by 550 and 750 oC by 

monitoring the 614 nm emission. It shows that a main excitation peak was located at 

235 nm in the SiO2: 2mol%Eu, 0.6mol%Ag 3DOM materials prepared by 750 oC, 

which was attributed to the defects of SiO2 host. In addition, several very weak sharp 

excitation peaks originated from the Eu3+ were observed in the range of 300-400 nm. 

In the SiO2: 2mol%Eu, 0.6mol% Ag 3DOM material prepared by 550 oC, the main 

excitation band located at 345 nm is attributed to the Ag+-Ag+ by monitoring the 614 

nm emission, indicating the presence of the energy transfer from Ag+-Ag+ to Eu3+. In 

contrast to the SiO2: 2mol%Eu, 0.6mol% Ag 3DOM material prepared by 550 oC, no 

the excitation peak from Ag+-Ag+ was observed in the SiO2-Ag-Eu 3DOM materials 

prepared by 750 oC, which suggested that Ag+-Ag+ transfer to Ag nanoparticles at the 

higher sintering temperature. Only Ag nanoparticles were formed in the SiO2-Ag-Eu 

3DOM materials prepared by 750 oC, which was further demonstrated by the 

emission spectra (not shown herein). 
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Figure 11 shows the emission spectra of the SiO2: 2 mol% Eu and SiO2:2 mol% 

Eu, 0.6 mol% Ag 3DOM materials under the excitation of 235 nm. Typical emission 

of Eu3+ was observed in both 3DOM materials. The emission intensity of Eu3+ 

increases by 4 fold in the SiO2:2 mol% Eu, 0.6 mol% Ag 3DOM materials in 

comparison with the SiO2:2mol% Eu 3DOM materials without Ag nanoparticles, 

which is attributed to the SPR effect of Ag nanoparticles. In the previous works,34 two 

luminescence enhancement mechanisms from the SPR effect of Ag nanoparticles have 

been reported. One is the surface plasmon induced excitation enhancement of active 

centers attributed to the local electric field enhancement around the metal 

nanoparticles. Another is the increasing of radiative decay rate of active centers. In 

order to demonstrate the origin of enhancement of Eu3+ luminescence, luminescence 

lifetime values of the SiO2: 2 mol% Eu and SiO2:2 mol% Eu, 0.6 mol% Ag 3DOM 

materials were measured. The lifetime values were determined to be 2.11 ms and 0.69 

ms for SiO2: 2mol % Eu and SiO2:2mol% Eu, 0.6mol % Ag 3DOM materials, 

respectively. The decay lifetime for Eu3+ decreased after formation of Ag 

nanoparticles, which suggested the increasing of radiative decay rate of Eu3+ is one of 

the enhancement reasons of Eu3+ luminescence. In addition, the population of the 

excited level of Eu3+ was influenced due to the presence of Ag nanoparticles based on 

the three energy level diagram shown in Figure 12. The population of the excited level 

of Eu3+ can be expressed by the following steady state rate equation: 

����
�
 = ������ − ������ − ������� = 0              (3) 

����
�
 = ������ − ������� − ���� !"� = 0              (4) 

���
�
 = ���� !"� − "��� − "���� = 0                 (5) 

���
�
 = "��� − "���� = 0                             (6) 
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���� = 0                                          (7) 

��� = 0                                           (8) 

Where Ns0, Ns1, and Ns2 denote ground and excitation level population number of 

donor (Ag+-Ag+, Ag+ or SiO2 host) , respectively. n0, n1 and n2 are the ground and 

excitation level population number of Eu3+ ions, respectively. Wsn and W1 are the 

nonaradiative transition rate. The Wsr1, Wsr2, Wr1 and Wr2 	denote the radiative 

transition rate. WET is the energy transfer rate from donor to acceptor. IA1 is the 

product of excitation field and transition possibility from ground state to excitation 

state.    

By resolving the above rate equation, the solution for the population of the excited 

level of Eu3+ions is:	

"� = #����$%&'�$
%(�(%�(��%&'�$)

			 ∝ 			�                            (9) 

It can be seen from the equation (9) that the population of the excited level of 

Eu3+ions is related to the intensity of excitation light. It is well known that surface 

plasmons from the collective oscillations of the free electrons occur around Ag 

nanoparticles, which give rise to giant and high localized electric field around the Ag 

nanoparticles, resulting in the enhancement of the excitation field. Thus, the 

population of the excited level of Eu3+ions increased, leading to the luminescence 

enhancement of Eu3+.  

Influence of Ag contents on photoluminescence property of Eu3+ was 

investigated in the SiO2 3DOM materials prepared by 750oC. The absorption spectra 

of the SiO2: 2mol%Eu, x mol% Ag (x=0, 0.2, 0.4, 0.6, and 0.8) 3DOM materials 

prepared by 750 oC were shown in the inset of Figure 10(c). It can be seen that the 

410nm absorption intensity is related to Ag concentration. The 410nm absorption 
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intensity increased with increasing of Ag concentration, suggesting more Ag 

nanoparticles were formed in the SiO2: Eu, Ag 3DOM materials. The emission spectra 

and luminescence decay curves of SiO2: 2mol%Eu, x mol% Ag (x=0, 0.2, 0.4, 0.6, 

and 0.8) 3DOM materials prepared by 750 oC were shown in the inset pattern of 

Figure 11 and Figure 13, respectively. The emission intensities and lifetimes of the 

SiO2: 2 mol% Eu, x mol % Ag(x=0, 0.2, 0.4 and 0.6) 3DOM materials were observed 

to increase and decrease, respectively, with the increasing of Ag concentration from 0 

to 0.6 mol%, suggested that enhanced luminescence of Eu3+ is indeed associated with 

the increasing of radiative decays rate in the SiO2:Eu3+ 3DOM materials. The 

luminescence intensity of Eu3+ was decreased when the concentration of Ag is about 

0.8 mol% in contrast to other 3DOM materials with lower concentration of Ag. The 

luminescence intensity decreasing of Eu3+ may be due to the concentration quenching 

when the concentration of Ag is about 0.8 mol%. 

In the SiO2-Ag-Eu 3DOM materials prepared by 550 oC and 750 oC, the 

emission of Eu3+ was significantly enhanced in contrast to that of the SiO2-Eu 3DOM 

materials without Ag species. The enhancement factor (EF) of emission of 

SiO2-Ag-Eu 3DOM materials was shown in Figure 14. Enhancement factor (EF) is 

defined as the ratio of the 614nm emission intensity observed from SiO2-Ag-Eu 

3DOM materials to that from SiO2-Eu 3DOM materials without Ag. The maximum 

EF of emission caused by Ag nanoparticles is about 4 fold in the SiO2-Ag-Eu 3DOM 

materials under the excitation of 245nm prepared by 750 oC without Ag+-Ag+, while 

about 12.8 and 8 folds enhancement was observed for the SiO2-Ag-Eu 3DOM 

materials with Ag+-Ag+ and Ag+ under the excitation of 345 and 245nm prepared by 

550 oC, respectively. The EF in the SiO2-Ag-Eu 3DOM materials with Ag+-Ag+ and 

Ag+ prepared by 550 oC is larger than that of the SiO2-Ag-Eu 3DOM materials 
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prepared by 750 oC without Ag+-Ag+ and Ag+, which indicates that coupling 

enhancement of Ag nanoparticles and Ag+-Ag+/Ag+ was also obtained in the Ag+-Ag+ 

and Ag+ including SiO2-Ag-Eu 3DOM materials prepared by 550 oC. These results 

demonstrated the contribution of energy transfer from Ag+-Ag+ or Ag+ to Eu3+ in the 

SiO2-Ag-Eu 3DOM materials prepared by 550 oC.  

Conclusion 

The influence of silver species on photoluminescence properties of Eu3+ was 

investigated systematically in the SiO2 3DOM materials. The results show that 

luminescence enhancement of Eu3+ ions was obtained by Ag species in the SiO2 

3DOM materials. For the SiO2 3DOM materials prepared by 550 oC, the enhancement 

of Eu3+ luminescence is attributed to energy transfer from Ag+–Ag+ to Eu3+ under 345 

and 280 nm excitation, while luminescence enhancement of Eu3+ is due to energy 

transfer from isolated Ag+ to Eu3+ under the excitation of 245 nm. For the SiO2 

3DOM materials prepared by 750 oC, luminescence of Eu3+ were enhanced due to 

plasmon resonance effect of Ag nanoparticles. 
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Figure Captions: 

Figure 1 The low (a) and high (b) magnification SEM images of SiO2: 2%Eu, 

0.6%Ag 3DOM material; (c) the EDS spectrum of SiO2: 2%Eu, 0.6%Ag 

3DOM material.  

Figure 2 (a) The TEM image of SiO2-Eu-Ag 3DOM material. (b) The absorption 

spectra of pure SiO2, SiO2-Eu, SiO2-Ag and SiO2-Eu-Ag 3DOM materials 

sintered at 550 oC；(c) The XPS spectrum of SiO2-Ag-Eu 3DOM material. 

Figure 3 The excitation spectra of pure SiO2 and SiO2-Ag 3DOM materials sintered 

at 550 oC by monitoring the 360, 396 or 540 nm emissions; Inset pattern is 

the excitation spectrum of SiO2-Eu 3DOM materials by monitoring the 614 

nm emission.  

Figure 4 The emission spectra of pure SiO2, SiO2-Ag, SiO2-Eu and SiO2-Ag-Eu 

3DOM materials under the excitation of 280 nm. 

Figure 5  (a) The decay curves of 360 nm emission in the pure SiO2, SiO2-Eu, 

SiO2-Ag and SiO2-Ag-Eu 3DOM samples under the 280 nm excitation; (b) 

The decay curves of 540 nm emissions in the pure SiO2, SiO2-Ag and 

SiO2-Ag-Eu 3DOM samples under the 280 nm excitation.  

Figure 6 (a) The emission spectra of pure SiO2, SiO2-Eu, SiO2-Ag and SiO2-Ag-Eu 

3DOM samples under excitation at the 345 nm; (b) The decay curves of 540 

nm emission in the SiO2-Ag and SiO2-Ag-Eu 3DOM samples under the 345 

nm excitation. 

Figure 7 (a) The emission spectra of pure SiO2, SiO2-Ag, SiO2-Eu and SiO2-Ag-Eu 

3DOM samples under the excitation of 245 nm; (b)The decay curves of 396 

nm emission in the SiO2-Ag and SiO2-Ag-Eu 3DOM samples under the 245 

nm excitation. 
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Figure 8 Energy level diagram and energy transfer process. 

Figure 9 The chromaticity coordinates (CIE) of the SiO2-Ag and SiO2-Ag-Eu 3DOM 

materials under the excitation of 245, 280, 345 nm. 

Figure 10 The TEM (a) and high-resolution TEM (b) images of the SiO2: 2mol% Eu, 

0.6mol% Ag 3DOM material prepared by 750 oC; (c) The absorption spectra 

of SiO2: 2mol%Eu 3DOM materials with and without 0.6 mol% Ag prepared 

by 750 oC. Inset pattern is the absorption spectra of SiO2-Eu 3DOM materials 

with different Ag concentration prepared by 750 oC; (d) The excitation 

spectra of SiO2: 2mol% Eu, 0.6mol% Ag 3DOM material prepared by 550 

and 750 oC by monitoring the 614 nm emission.  

Figure 11 The emission spectra of SiO2:2 mol% Eu 3DOM materials with and 

without 0.6 mol% Ag prepared by 750oC. Inset pattern is the emission spectra 

of SiO2-Eu 3DOM materials with different Ag concentration prepared by 

750oC. 

Figure 12 Three Energy level diagram for the calculation of population of excited 

level of Eu3+. 

Figure 13 The decay curves of 614 nm emission of SiO2: 2mol%Eu, x mol% Ag (x=0, 

0.2, 0.4, 0.6, and 0.8) 3DOM materials. 

Figure 14 (a) Enhancement factor of 614 nm emission from Eu3+ in 3DOM materials 

prepared by 550 oC under various excitation wavelength; (b) Enhancement 

factor of 614 nm emission from Eu3+ in the 3DOM materials with different 

Ag concentration prepared by750 oC 
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Figure 6 
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Figure 10  

 

Figure 11  
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Figure 14  

 
 
 
 

Table I  The fitting parameters as A1, τ1, A2, τ2 and luminescence lifetime(τ) of 360 
and 540 nm emissions in the pure SiO2, SiO2-Eu, SiO2-Ag and SiO2-Ag-Eu 3DOM 

samples under the 280 nm excitation.  
Samples A1 τ1 A2  τ2 τ 

Pure SiO2(λem=360 nm) 15292.89 1.17 1590.001 11.28 6.2µs 
SiO2-Ag(λem=360 nm) 14404.58 1.275 884.405 13.99 6.4µs 
SiO2-Eu(λem=360 nm) 14629.4 1.304 1211.704 12.53 6.3µs 
SiO2-Ag-Eu(λem=360 nm) 15047.72 1.252 1493.922 11.62 6.2µs 
Pure SiO2(λem=540 nm) 15840.43 0.956 910.231 13.42 6.5 µs 
SiO2-Ag(λem=540 nm) 2485.399 155.18 40021.64 20.846 63.3µs 
SiO2-Ag-Eu(λem=540 nm) 1683.62 37.717 14337.6 5.7197 19.7µs 

 
 
 
 

Table II The luminescence lifetime (τ) of 396 nm emission in the pure SiO2, SiO2-Eu, 
SiO2-Ag and SiO2-Ag-Eu 3DOM samples under the 245 nm excitation. 
Samples  Pure SiO2 SiO2-Ag SiO2-Eu SiO2-Ag,Eu 

τ(λex=245 nm, λem=396 nm) 10.3µs 12.0 µs 6.1µs 7.7 µs 
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Graphical abstracts 

 

Luminescence enhancement was observed in the SiO2: Ag, Eu 3DOM materials  
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