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Experimental Section

Materials and Sample Synthesis:

The Y,.,CaSnGa,01,:xPr3* was synthesized by high-temperature solid-state reaction
method. The raw materials are Y,03; (99.99%, Aladdin), CaCOj3 (99.99%, Aladdin),
SnO; (99.5%, Aladdin), Ga,05 (99.999%, Suzhou Kangpeng), and PrsO;; (99.99%,).
They were stoichiometrically mixed and grinded in an agate mortar until homogeneous.
Then the mixture was placed in an alumina crucible and sintered in a muffle furnace at
1450 °C for 6 hours. After cooling to room temperature, grind it for 5 minutes with an

agate mortar for subsequent testing.

Characterizations:

X-ray diffraction (XRD) patterns were obtained by a United Kingdom - Malvenpa -
Naco New generation X'Pert® diffractometer equipped with Cu Ka radiation at 40 kV
and 40 mA (A = 0.15405 nm). Concentration-dependent PL spectra were measured by
a F7000 fluorescence spectrophotometer. Temperature-independent spectra were
measured by a FLS 920 fluorescence spectrophotometer (Edinburgh Instruments)
equipped with a 450 W xenon lamp and a temperature control device.
Thermoluminescence (TL) curves were recorded by a CCD detector equipped with a
heating device. Afterglow spectra were recorded at different temperatures by adjusting
the temperature settings of the heating device. The relevant parameters of L*a*b*
(1976) were measured by CS-821N high stability desktop spectrophotometer with D65
light source (Hangzhou Color Spectrum Technology Co. Ltd) and ensure that the test
surfaces of the samples are uniform in size and smooth (specific quality in a quartz
container or be pressed into a specific size piece). UV-vis diffuse reflectance spectra
(DRS) were measured on a UV-vis spectrophotometer (Agilent Cary 7000) using
BaSOQ, as the reference. In the process of taking photos, long wave pass 495nm filter
and 350nm filter are used to block the mobile phone camera to shield the excited light.
The ultraviolet radiation meter (LS125, Shenzhen Linshang Technology Co. Ltd)
equipped with two probes (UVCLED-XO0 for 230-340 nm and UVALED-X3 for 330-



420 nm) was used to measure the irradiation power of light sources with different
wavelengths. The spectral response characteristic curve is a key parameter for the
performance of an ultraviolet radiation meter. It refers to the ratio between the measured
intensity to the actual incident intensity when the detection window is illuminated by
light of different wavelengths. Its value close to 100% proves the high accuracy of the
measured irradiation intensity. For the visible light region, there is no irradiance meter
available, so we measure the luminous flux to ensure that the irradiation power of light
sources of different wavelengths is the same. The conversion formula is as follows:
Luminous flux = K, X V(1) X Radiant Flux

Radiant Flux = Irradiation density X Irradiated area

K, is the maximum value of spectral light visual efficiency, which is equal to 683 Im/W.
V(7) is the standard spectral efficiency function for photopic vision specified by the
International Commission on Illumination (CIE), with a maximum value of 1. The unit
of Radiant Flux is W, which can be decomposed into the product of Irradiation density
(W/em?) and Irradiated area (cm?). The EPR measurement were carried by the Bruker
EMXnano electron paramagnetic energy spectrometer. XPS spectra were obtained by

an Agilent 5110(OES) X-ray photoelectron spectrometer before and after coloration.
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Figure S1. Normalized temperature-dependent PL spectra of YCSG:0.001Pr3*.
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Figure S2. The linear fitting results of afterglow decay curve (I''et).
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Figure S3 2D-TL spectra of YCSG:0.001Pr3*.



Color Difference
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Figure S4. The color difference of YCSG:xPr3" before and after irradiation.
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Figure S5. Irradiation time-dependent PL spectra of YCSG:0.001Pr** under the
excitation of 449 nm light. The inset shows the relative intensity of integrated PL
spectra with 449 nm light irradiation time.



Table S1. colorimetric parameters L*, a* and b* of YCSG:xPr*.

indoor light 254nm irradiated for Smin

X L* a* b* L* a* b¥ AE

0 9737 0 046 8946  0.53 435 8.82
0.0005 97.04 -036 131 8846  2.02 9.3 11.97
0.001  97.17 -036 148 8829  2.15 9.48 12.22
0.003 9822 -0.66 2.09 9038  2.37 10.31 11.76
0.005 9806 -0.84 228  90.67 24 10.33 11.4
0.0l 981 -131 332 9076 225 10.8 11.07
0.015 97.83 -1.59 391 9075  2.16 11.11 10.77
002 9738 2.1 486 9083  1.77 10.83 9.67
0.025 971 256 565 89.62  1.93 11.76 10.65
0.03 9675 -3.03 642 8889  1.94 12.92 11.35
0.035 971 299 65 8971 1.6 12.36 10.47
0.04 971 325 69  89.84 128 12.47 10.22
0.045 9679 343 721 89.62 136 12.56 10.15
0.05 9679 -3.63 744 8959  1.18 13.07 10.32

*The power density of the light source with wavelength of 254 nm is ~ 2 mW/cm?.



Part 1. Choice of Colorimetric Parameter.

Changes in the color of opaque materials are usually caused by changes in the
composition and number of photons absorbed or reflected. However, we know that the
light that can be resolved by the naked eye is distributed over a wide spectral range, and
the human eye is sensitive to different wavelengths of light. This makes the current
method of measuring color difference based on the maximum difference of change in
reflection or absorption spectrum (AAbs) inaccurate. A similar situation is to compare
the brightness of a material with line-type emission and a material with broad band
emission. Obviously, the emission intensity at a certain wavelength cannot be used as
the reference. It may be more appropriate to use the magnitude of the integrated
intensity as a standard. However, even if the integral intensity is the same, if the
emission peak position is different, the difference in sensitivity of the human eye to
different wavelengths of light will make people feel that the brightness of the two is
different. In short, color is a broad concept for the spectrum, the intensity change in
certain wavelength is too narrow to describe it.

Taking YCSG:Cr** and YCSG:Pr3* that show different color as examples, the
changes of colorimetric parameters were shown in Figure S6. Obviously, the color
centers of them exhibit different photon absorption tendencies: For the colored
YCSG:Pr3, it mainly absorbs blue-violet light located near 400 nm, while YCSG:Cr**
is blue-violet light and green light. The corresponding colors vary from light green to
brown (YCSG:Pr**) and grayish green to pink (YCSG:Cr*"). YCSG:Cr** and
YCSG:Pr3* show significant difference for AAbs, while smaller difference for color
difference in L*a*b* color space. As can be seen from the color changes shown in the
inset, the color difference before and after the color change for them is obviously not
very different. This can show that using the maximum difference of AAbs at a specific
wavelength to assess the color difference is not so accurate.

Certainly, we do not think that previous work using the maximum difference of
AAbDs at a specific wavelength to assess the color difference is unscientific. At present,
most colored photochromic materials are brown-gray, which ensure the similar photon

absorption within the spectral range. And L*a*b* color space is usually used when



describing complex color variations.!> We point out the shortcomings of this method

in this work only to remind this often overlooked point and provide an alternative.
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Figure S6. Parameter changes of YCSG:Cr*" and YCSG:Pr** before and after

coloration.



Part 2. Calculation of Optical Band Gap Energy
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Figure S7. Tauc plot for YCSG:0.01Pr?** when ny = 1/2 (a) and 2 (b).

The optical energy band gap E, can be roughly calculated by Kubelka-Munk function
based on the DRS:

2R (1)
K is the absorption coefficient, S is the reflection coefficient, R is the reflectivity
(percentage form), where h is Planck's constant, v is the frequency of light, E, is a
physical quantity related to the material, that is, the band gap energy value. n, for
indirect bandgap semiconductors it is 2, for direct bandgap semiconductors it is 1/2.
Taking (F(R)hv)!/") as the ordinate, hv as the abscissa, to obtain a linear equation whose
intercept on the x-axis is the magnitude of the bandgap energy. As shown in Figure
S15, the optical energy gap can be estimated as 4.67 and 3.72 for the value of ng is 1/2
and 2 (Figure S7). However, as shown in Figure 6¢ of revised manuscript, the light with
wavelength of 333 nm (3.72 eV) can hardly charge the traps, then the optical band gap

1s estimated as 4.67 eV.



Part 3. Origination of Color Centers and Traps

From a functional point of view, the color center is a unit that can absorb photons. After
the formation of the color center, it can absorb the photons that are illuminated on the
material, causing the color of the material to change. In essence, it is a unit formed after
the carrier is trapped in a variety of defects, which requires external photon irradiation
to help the carrier desorption, usually from sources including: lattice defects*® or the
valence state change of ions.”> ® The Electron Paramagnetic Resonance (EPR) and X-
ray photoelectron spectroscopy (XPS) were employed to explore changes of valence
state and oxygen vacancies before and after coloration.

EPR spectra of the samples before and after irradiation are shown in Figure S8a
and Figure S8b, the signal of ionized oxygen vacancy (g = 1.995) is obviously
observed,’ indicating that the oxygen vacancies in sample capture free electrons after
254 nm light irradiation.’ This phenomenon occurs in samples with and without doping,
indicating the presence of PC phenomenon highly related to oxygen vacancy.

The high-resolution XPS spectra for O 1s of YCSG and YCSG:0.01Pr3" are shown
in Figure S8d and Figure S8e. Both of them can be well fitted into three peaks,
indicating the three kinds of chemical environments for oxygen atoms. The three peaks
located at ~530.4, ~531.6 and ~532.9 eV can be attributed to lattice oxygen, oxygen
vacancy and the adsorbed O, molecules (interstitial oxygen), respectively.!® ! As the
detailed results of XPS peak fitting listed in Table S2, the area percentage of oxygen
vacancy (~531.6 eV) decrease from 49.96 % to 28.67 % after being irradiated by UV
light in YCSG, from 49.70 % to 44.39 % after being irradiated by UV light in
YCSG:0.01Pr**. The small reduction of area proportion corresponding to oxygen
vacancy in YCSG:0.01Pr** may be related to the valence state change of Pr3*. The high-
resolution XPS spectra for Pr 3d are shown in Figure S9. The area percentage of Pr3*
increase from 83.72 % to 84.25 % after the irradiation, indicating a slightly reduction
in Pr*" content. Therefore, the complex traps and compositional changes after the
introduction of Pr3* lead to the decline of the oxygen vacancy area proportion.

According to the above results, it can be deduced that the mechanism of PC
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Figure S8. EPR spectra of (a) YCSG and (b) YCSG:0.01Pr** with or without irritation
by UV light; (¢c) XPS survey spectra of YCSG:0.01Pr3*. (d) High-resolution XPS
spectra at binding energy for O 1s of (d) YCGS and (¢) YCSG:0.01Pr** with or without
irritation by UV light.

phenomenon is as follows: Under the excitation of high-energy photons, some ions and
defects in the crystal cell are photoionized, leaving free holes at the valence band (VB)
and free electrons at the conduction band (CB). These free carriers are then trapped by
traps with opposite charge, such as the positively charged oxygen vacancies and

negatively charged Ga*" vacancies.!? In addition, Pr**/Pr3** may also act as carrier



Table S2. The peak fitting results of high-resolution O1s XPS spectra in YCSG and

YCSG:0.01Pr3*,

Without irritation

With irritation

Pos. (¢V) FWHM (eV)

Area% Pos. (eV) FWHM (eV) Area%

530.36 1.70 37.29 530.32 1.66 61.52
YCSG 531.57 1.70 49.96 531.42 1.66 28.67
532.92 1.70 12.75 532.61 1.66 9.80
YCSG: 530.38 1.74 39.24 530.25 1.75 42.69
0.01Pr> 531.60 1.74 49.70 531.27 1.75 44.39
533.03 1.74 11.06 532.57 1.75 12.92

Before irradiation Pr 3ds,

Intensity (a.u.)

YCSG:0.01Pr**

942 940 938 936

934

932

930 928 926 924 922

Binding energy (eV)

Figure S9. High resolution XPS spectra of Pr 3d5/2 and the fitting curves of
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Figure S10. (a) TL curve and kinetic fitting results of YCSG:0.001Pr3". (b) Kinetic

fitting curves of TL curves of YCSG:0.001Pr>* after different delay time.



traps due to the mixed valence state of Pr. These traps are capable of absorbing photons
from outside to form color centers, which has been widely adopted in previous
reports.'3 14 Therefore, the charging and discharging process of the traps plays a vital
role in the coloration and bleaching processes.

Trap is a general term for a defect capable of trapping charge carriers, which can
provide energy to the luminescence centers through energy band or quantum tunneling
channel under the action of thermal stimulation and therefore produce afterglow
without excitation light. TL is a well-established means to characterize the trap state.!>
The TL curves of YCSG:0.001Pr3* after irradiation by 254 nm light for 5 min is shown
in Figure 8a. The broad trap distribution suggests that it consists of multiple traps, and
this phenomenon still exists after a period of decay (Figure S10b). GCD analysis is a
common method to analyze the TL curve, which is widely used in the fields of
dosimetry, environmental monitoring and optical information storage.!®!® The TL
curve was fitted by a general-order TL kinetic equation built in a homemade software

package, which can be expressed as Equation. (3):!°

T
I(T) =n05exp(—£) (b- 1)(§)fexp(—£)dT+ 1 3)
kT B 7Y kT

I(T) is the TL peak intensity, E is the activation energy (equal to the trap depth), S is
the frequency factor. ng is the initial concentration of trapped charges in cm™'. The k is
the Boltzmann constant (8.617x10-5 eV/K), T is the absolute temperature (K). f is the
heating rate (3K/s). The b is the kinetic order, which can be predicted from the peak
shape symmetry parameter (u).2° The fitting results are plotted in Figure 4a, showing
four distinct peaks (named as trap1-4 from shallow to deep). The trap depths of these
four peaks are 0.7,0.793, 0.885 and 0.976 respectively. And their trap densities are
1.52x107, 2.33x107, 3.12x107 and 2.66x107, respectively. These traps may be
associated with the loss of ions?!, unequal substitution?? and valence transition?* during
sintering. However, there is currently no proper way to distinguish between these traps.
Moreover, the characterization of trap usually needs to be carried out after irradiation

of ultraviolet light which can cause photochromism, so it is difficult to distinguish



whether the change of corresponding parameters is caused by trap or color center.
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