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Fig. S1 XRD patterns of CYAS:0.02Ce, xMn (x = 0.00 - 0.30) phosphors. 

To determine the influence of Ce, Mn on the CYAS crystal structure, 

the phase purity of the prepared phosphors CYAS:0.02Ce, xMn (x = 0.00 

- 0.30) have been identified by powder XRD (Fig.S1, ESI). It is obvious 

that their diffraction peaks match well with the cubic CYAS, indicating 

that the addition of Ce and Mn ions did not change the main cubic crystal 

structure.
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Fig. S2 (a) The survey scans XPS spectra of CYAS:0.02Ce, 0.30Mn phosphor.(b) High-resolution 

XPS spectra of Ce 3d, (c) Mn 2p and (d) Mn3s in CYAS:0.02Ce, 0.30Mn phosphor, and (e) EPR 

spectra of Mn in CYAS:0.02Ce, 0.05Mn phosphor. 

To further investigate the valence state of the doped ions, the XPS 

spectra were studied. Fig.S2 (a) shows the survey scan XPS spectra of 

Ca0.7Y1.98Al4SiO12:0.02Ce, 0.3Mn phosphor. It clearly exhibits the signals 

from Al2p, Al2s, Si2p, O1s, Y3d, Ca2p, Ce3d and Mn2p, which indicates 
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the Mn and Ce ions were successfully introduced into the CYAS crystal 

lattice. Fig.S2 (b, c, d) shows the high-resolution XPS spectrum of Mn2p, 

Mn3s and Ce 3d. Mn2p shows two separate peaks 2p1/2 and 2p3/2 with 

binding energies at 653.5 eV and 641.7 eV, respectively (Fig.3b). XPS 

spectrum of Mn3s was collected to precisely determine the valence state 

of Mn ions. Accordingto the reported work, the valence of Mn (νMn) can 

be obtained from the energy of exchange splitting of the Mn3s spectra 

(ΔE3s) based on the following linear equation: νMn = 9.67 - 1.27ΔE3s.1 For 

our Ca0.7Y1.98Al4SiO12:0.02Ce, 0.3Mn sample, ΔE3s was found to be about 

6.0 eV, as shown in Fig.3(c), indicating that the manganese valence 

should be +2 oxidation state, as well as not the mixture with Mn3+ and 

Mn4+. The Ce 3d shows two separate peaks in Fig.3(d) (binding energy 

Ce3d3/2 at 904.0 eV and Ce3d5/2 at 884.6 eV), which unambiguously 

attributed to the +3 oxidation state.

The EPR spectrum of Ca0.7Y1.98Al4SiO12:0.02Ce, 0.05Mn is shown in 

Fig.3e. The EPR spectrum shows six resolved hyperfine features at g = 

2.0, which refer to the allowed interactions between electron (S = 5/2) 

and nuclear (I = 5/2) spins of the incorporated Mn2+ ions in the crystalline 

structure of CYAS host.
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Fig. S3 The decay curves of 540 nm emission band (λem = 540 nm, λex = 460 nm), 616 nm 

emission band (λem = 616 nm, λex = 460 nm) and 750 nm emission band 

(λem = 750 nm, λex = 460 nm) of CYAS:0.02Ce3+, 0.10Mn2+.
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Fig. S4 Normalized PLE spectra of CYAS:0.02Ce, xMn (x = 0.00 - 0.30) phosphors.

(λem = 543 nm).

Monitoring at 543 nm emission, the normalized PLE spectra of CYAS: 

0.02Ce3+, xMn2+ show two broad absorption bands in the range of 300-

520 nm. The absorption bands exhibit red shift obviously with the 

introduction of the Mn2+, but the absorption bands exhibit red shift 

slightly with the increasing of Mn2+ concentration. The red shift of the 

absorption bands are due to the Mn2+ ions replacing the bigger Ca2+/Y3+ 

ions. The slight red shift with increasing Mn2+ concentration indicates 

that part of Mn2+ ions occupy smaller Al3+ ions. Therefore, at low doping 

concentration, Mn2+ ions tend to replace the Ca2+/Y3+ ions, while the 
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Mn2+ ions gradually replace Al3+ ions with increasing Mn2+ concentration. 

Fig. S5 Decay curves of Ce3+ in CYAS: 0.02Ce, xMn (x = 0.00 - 0.30) phosphors 

(λex = 460 nm, λem = 540 nm).

In order to further confirm whether the energy transfer between 

Ce3+ and Mn2+ exists, the decay curves of CYAS:0.02Ce3+, xMn2+ 

phosphors (x = 0.00 - 0.30) (λex = 460 nm, λem = 540 nm) were measured 

and shown in (Fig.S5, ESI). The decay curve of the Ce3+single doped 

sample is well fitted with a single-exponential decay mode. The decay 

curves of Ce3+ depart from the single-exponential decay mode for Mn2+ 

codoped samples due to the energy transfer. The decay times of Ce3+ in 

CYAS:0.02Ce, xMn phosphors shortened with the increase of Mn2+ 

content (Table S1, ESI), confirming the possibility of energy transfer 

from Ce3+ to Mn2+ ions in CYAS host.
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Fig. S6 Dependence of ηT and KCe-Mn as function of x values in CYAS: 0.02Ce, xMn

(x = 0.00 - 0.30) phosphors.

The energy transfer efficiency (ηT) from Ce3+ to Mn2+ can be 

expressed by equation (1) and the nonradiative energy-transfer rate from 

the excited state of Ce3+ to the matching energy level of Mn2+can be 

expressed by equation (2)

                                (1)              𝜂𝑇= 1 ‒ 𝜏 𝜏0

       (2)𝐾𝐶𝑒 ‒ 𝑀𝑛= 1 𝜏 ‒ 1 𝜏0

where τ andτ0 are the decay times of Ce3+ with and without Mn2+ presence. 

As shown in the (Fig.S6, ESI) and Table S1, the energy transfer 

efficiency ηT and the energy-transfer rate of Ce3+-Mn2+ increase with the 

increase of Mn2+ concentrations, indicating that a much more efficient 
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energy-transfer process occurred in the high concentration Mn2+ doped 

YACS samples. 

Fig. S7 Dependence of τ0/τ of Ce3+ on (a)C6/3 , (b)C8/3 and (c)C10/3.

According to Dexter and Uitert, exchange interaction and multipolar-

multipolar interaction might involve in the energy transfer between a 

sensitizer and an activator.2-5 It is also known that the dominant 

interaction is strongly dependent on the separation between the sensitizer 

and activator. In order to confirm which interaction dominates the energy 

transfer between the Ce3+ and Mn2+ ions, we estimated the separation RCe-

Mn between Ce3+ and Mn2+ ions in CYAS:0.02Ce3+, 0.30Mn2+ using the 

formula suggested by Blasse:6

              (3) 
𝑅𝐶𝑒 ‒ 𝑀𝑛= 2( 3𝑉

4𝜋𝑥𝑁)1 3
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where N is the number of molecules in the unit cell, V is the unit cell 

volume, and x is the total concentration of Ce3+ and Mn2+. For 

CYAS:0.02Ce, 0.30Mn, V = 1712.99 Å3, x = 0.02 + 0.30 = 0.32 and Z = 

8. So the distance RCe-Mn in CYAS:0.02Ce, 0.30Mn is estimated to be 

10.85 Å. The multipolar-multipolar interaction corresponds to long range 

energy transfer, while the exchange interaction occurs only if the 

separation is short enough (R < 8 Å) to allow a direct overlap of their 

wave functions. Since the distance RCe-Mn with the highest doping 

concentration is still larger than 8 Å, so the energy transfer between Ce3+ 

and Mn2+ in the prepared samples is not possible through exchange 

interaction. So we would like to suggest that the multipolar-multipolar 

interaction is dominant in the energy transfer between Ce3+ and Mn2+ in 

CYAS. 

  If the multipolar-multipolar interaction takes control, the lifetime of 

the sensitizer and the concentration of the activator should follow the 

formula:

                     (4)

𝜏0
𝜏
∝ 𝐶𝑛 3

where C represents the total concentration of Ce3+ and Mn2+, and n equals 

to 6, 8 and 10, corresponding to dipole-dipole, dipole-quadrupole, and 

quadrupole-quadrupole interactions, respectively. In order to indentify the 

energy transfer mechanism from Ce3+ to Mn2+ in CYAS, the τ0/τ–Cn/3 

plots are depicted in Fig.S6. It is apparent that the curve is best close to 
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the linear relation when n = 6, which indicates that dipole-dipole 

interaction was dominated the energy transfer from Ce3+ to Mn2+ ions in 

CYAS.

Fig. S8 The schematic diagram of energy transfer between Ce3+-Mn2+ in CYAS.

Upon 460 nm blue light excitation, Ce3+ is excited from the 

ground state to the 5d state, and the yellow emission can be observed 

due to the 5d-4f transitions of Ce3+. Part of the energy absorbed by the 

sensitizer Ce3+ efficiently transfers to Mn2+ through a dipole-dipole 

interaction, the emission intensity of Mn2+ at 616 nm and 750 nm is 

enhanced. Finally the yellow, red and deep red emission can be 

simultaneously observed in CYAS host.
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Table S1 The decay times of Ce3+ (τ), energy transfer efficiency (ηT) and energy transfer 

efficiency and rate (KCe-Mn) from Ce3+ to Mn2+ in CYAS:0.02Ce3+, xMn2+ (x = 0.00 - 0.30) 

phosphors.

x 0.00 0.05 0.10 0.15 0.20 0.25 0.30

τ(ns) 80.11 75.72 72.10 68.69 64.81 61.13 58.34

ηT (%) - 5.48 10.00 14.26 19.10 23.69 27.18

KCe-Mn×103(ms-1) - 0.72 1.39 2.08 2.95 3.88 4.66
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