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Fig. S1. Magnified view of the intense (112) reflection in XRD patterns of (a) NBM: x Er**,
(b) NBM: y Yb**, 0.08 Er**, (c) NBM: 0.05 Yb**, z Ho*" and (d) NBM: y Yb3*, 0.01 Ho*".
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Fig. S2. Rietveld refinement plot of the powder XRD data of (a) NaBi(M0Q,),:0.01Yb?*,
0.01Ho**, (b) NaBi(M004),:0.025Yb*", 0.01Ho**, (¢) NaBi(M00,),:0.05Yb*", 0.01Ho**, and
(d) NaBi(M00,),:0.075Yb**, 0.01Ho>".
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Fig. S3. Rietveld refinement plot of the powder XRD data of (a) NaBi(M00O4),:0.08Er3", (b)
NaBi(M00,4),:0.08Yb3",  0.08Er**, (c) NaBi(M004),:0.10Yb%",  0.08Er**, (d)
NaBi(M004),:0.125Yb*, 0.08Er*", (e) NaBi(M004),:0.15Yb*", 0.08Er**, and (f)
NaBi(M00,),:0.175Yb**, 0.08Er3*.



Table S1. Refined structural parameters of NaBi(Mo0Q,),: Yb**, Ho*" nanomaterial.

Composit | NaBiMo | NaBigysYbgoHopor | NaBigossYbo.o2sH0001 | NaBigosYboosHope: | NaBigg15Ybg.o7sH0g.01
ion 203 MOzos MOzos MOzos MOzOs

Tetragon

Lattice . Tetragonal Tetragonal Tetragonal Tetragonal

a

Space

Group 14//a 14,/a 14//a 14/a 14,/a

a(A) 5.2844(2) 5.2812(1) 5.2782(1) 5.2783(2) 5.2774(1)
11.5867(

c(A) 5 11.5663(3) 11.5582(4) 11.5576(5) 11.5514(4)
V (A3) 323.55(2) 322.60(1) 322.01(1) 322.01(2) 321.71(1)
R, 6.53 6.21 6.34 6.55 6.14

R,y 8.47 8.23 8.24 8.08 8.24
1 2.96 2.82 2.91 4.63 2.87
Rp 2.42 1.87 1.68 1.91 1.56

GOF 1.56 1.37 1.30 1.38 1.25




Table S2. Refined structural parameters of NaBi(M00Q,),: Yb**, 0.08Er** nanomaterial.

Compo | NaBiggEro. | NaBigssYboosE | NaBigs;YboE | NaBig79sYbo.12s | NaBig77YboasE | NaBig7asYbo.17s
sition 0sM0,05 ro.08M0,05 ro.08M0,04 Ery,0sM0,03 ro.08Mo0,05 Erg.0sM0,03
Lattice | Tetragonal Tetragonal Tetragonal Tetragonal Tetragonal Tetragonal
Space 14,/a 14,/a 14,/a 14,/a 14,/a 14,/a
Group
a(A) 5.2822(2) 5.2807(1) 5.2729(1) 5.2743(1) 5.2748(1) 5.2702(1)
c(A) 11.5674(5) 11.5484(4) 11.5240(4) 11.5268(4) 11.5237(4) 11.5135(4)
V (A3) 322.75(2) 322.04(2) 320.41(1) 320.66(2) 320.64(2) 319.79(2)
R, 6.98 7.30 6.52 6.58 6.14 6.37
Ryp 9.30 9.39 8.56 8.78 8.26 8.28
v 441 4.20 3.27 3.15 3.19 2.95
R 2.52 2.15 2.01 2.49 1.68 2.01
GOF 1.59 1.47 1.42 1.58 1.30 1.42
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Fig. S4. XRD patterns of NBM: 0.15Yb**, 0.08Er** @ NBM: 0.05Yb**", 0.01Ho*" core@shell

series.
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Fig. S5. Elemental Mapping of undoped NaBi(M0Qy), nanoparticles.
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Fig. S6. UV-Visible-NIR diffuse reflectance spectra of NBM: 0.15Yb3", 0.08Er’**(@ NBM:
0.05Yb**, 0.01Ho3" core@shell nanoparticles with different shell-to-core ratios. (0:0 is the only

host material)
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Fig. S7. UC emission intensity of (a) Yb**/Er** and (b) Yb**/Ho*" codoped NBM as a function

of concentration of Yb3" ions.
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Fig. S8. Gaussian deconvoluted UC emission spectra of NBM: 0.15Yb**, 0.08Er**(@ NBM:
0.05Yb**, 0.01Ho** core@shell series with varying shell-to-core ratios.
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Fig. S9. UC luminescence spectra of NBM: 0.15Yb**, 0.08Er**(@ NBM: 0.05Yb**, 0.01Ho**
core@shell series with shell-to-core ratio (a) 0:2, (b) 1:2, (¢) 2:2, (d) 4:2, (e) 8:2 and (f) 2:0

under various pump power.
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Fig. S10. Logarithmic variation of Intensity as a function of pump power of NBM: 0.08Er3*
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Fig. S11. Logarithmic variation of Intensity of NBM: 0.15Yb**, 0.08Er’**@ NBM: 0.05Yb?*,
0.01Ho** core@shell series with the shell-to-core ratio (a) 0:2, (b) 1:2, (¢) 2:2, (d) 4:2, (e) 8:2
and (f) 2:0 with pump power density.
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Fig. S12. UC emission spectra of (a) NBM:0.15 Yb**, 0.08 Er3*, and (b) NBM:0.05 Yb**, 0.01
Ho?** in the range of 380-480 nm.
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Fig. S13. Laser heating effect of pump power density in (a) NBM: 0.15Yb**, 0.08Er** and (b)
core-shell nanoparticles showing the highest temperature sensitivity, i.e., NBM: 0.15Yb3",
0.08Er** @ NBM: 0.05Yb*", 0.01Ho*" with the shell-to-core ratio of 4:2.

The enhancement in the slope value of the logarithmic variation of UC emission intensity with
pump power density can be explained via the ‘laser heating effect’. The two-photon
upconversion process of Er** ions is well-known. On the other hand, we have identified it as a
three-photon process based on the slope values we got for the 528 nm and 552 nm emission
bands, which are more than 2.8 and 2.2, respectively, in the double-log plot of the power
dependence of UC intensity. In this case, low and high powers make up the power variation.
The intensity of the 4S;,—*I;5, transition becomes much lower, in contrast to the 2H;;,—*1;5/
transition, as the power density increases, which was almost identical at lower pump power (as
shown in Figure S9 of the ESI). As the stimulation power was raised, the intensity ratio of the
green emission bands, which showed a variance in intensity, rose. The LIR method states that
the intensity ratio varies with temperature changes, and since the intensity ratio is dependent
on pump power, it follows that temperature is connected to the excitation power of the pump.
Crystalline powders absorbing energy and transferring it into heat through nonradiative
pathways is the main cause of the power dependency temperature rise of the sample. ! This
optical heat generated by the laser can be calculated by rearranging Eq. (3) of the main

manuscript to obtain:

AE 1
T=|—]|X
(kB) (lnB—ln (LIR—C)) (E1)

Fig. S13a shows the results of the laser heating of the NBM:0.15 Yb3*, 0.08 Er**. The LIR
measurements showed a constant rise as the power increased. According to the characteristics

of optical temperature sensing, a given value of LIR is correlated with a given temperature

15



value. According to Eq. (E1), the sample's temperature changes when exposed to laser
stimulation at different power densities. As the power density increased from 0.017 to 0.075
W/mm?, the temperature increased in a linear fashion. In light of the foregoing, UC emission
materials may find use as optical heaters in photothermal treatment, because non-radiative

relaxation (electron-phonon coupling) is critical for induced heat as power densities increase.
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Fig. S14. LIR and the corresponding absolute and relative sensitivities for G;/G, TCELs of
NBM: 0.15Yb3", 0.08Er** @ NBM: 0.05Yb3", 0.01Ho3" core@shell series with the shell-to-
core ratio of (a, b) 1:2, (¢, d) 2:2, and (e, f) 8:2.
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Fig. S15. LIR and the corresponding absolute and relative sensitivities for G;/R NTCELs of
NBM: 0.15Yb*", 0.08Er** @ NBM: 0.05Yb3*, 0.01Ho*" core@shell series with shell-to-core
ratio of (a, b) 1:2, (¢, d) 2:2, and (e, f) 8:2.

18



3.61 a_a\). @ G,R 0.0070 4 b) P o [07
@ Fitting Curve * \

e - 0.6
~3.2- e b —_
& o _~0.0065 { / s
2,5l R2=0.987 N < v . PYES
[~4 +Y ] L ] /- R~
= AN “20.0060 - . i

0\_ - 0.3
2.4 ]
LIR=3.865-0.003T Y "7 —e— Abs. Sensitivity
N - -0.2
_1_223)(10'5-['2_'_1‘350)(10'8-[3 h @ 0.0055 4 .~ —m— Rel. Sensitivity [ ]
2.01
T T T T T T T T T T 0‘ ]
100 200 300 400 500 100 200 300 400 500
Temperature (K) 0.0065 — .Tempergture (K). .
2 C
321 9 ? GyR D _*— 0.20
3.0 ——Fitting Curve 0.0060 - /./r“"'"
— b —
& 28 ~ / . L0.18
y 7 ,0.0055 - -
& R o
~ 2.6 ~ P =
&, o =~
= m 0.16 .=
= 241 0.0050 . . 4
LIR=3.189+0.003T —@— Abs. Sensitivity
2.2 118810 TH126010° T N | | " Rel. Sensitivity L0.14
|
2.0 T T T T T T T T r
100 200 300 400 500 100 200 300 400 500
Temperature
22— P &) 0.010 5 Temperature (K) :
e
2 G,R —
2.0 - _-—"m.\
——Fitting Curve 0.008 4 / \. -0.6
LN
~ 18- \' —~
= ~ 0.006 . '1
& -M - ® L0434
< 1.64 R?=0.995 < S
a4 =0.004 4 ~
o wn - w'..
= 1.4+ _ = 0.2
|| LR=3331-0.017T 0.002 1 —e— Abs. Sensitivity
: +4.720x10°T2.4.528x10° 513 —u— Rel. Sensitivity
Lo 0.000 - = -0.0
T 100 200 300 400 500 100 200 300 400 500
Temperature (K) Temperature (K)

Fig. S16. LIR and the corresponding absolute and relative sensitivities for G,/R NTCELs of
NBM: 0.15Yb*", 0.08Er** @ NBM: 0.05Yb**, 0.01Ho3" core@shell series with shell-to-core
ratio of (a, b) 1:2, (¢, d) 2:2, and (e, f) 8:2.
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Table S3. Absolute and relative sensitivity values of NBM: 0.15Yb3", 0.08Er**(@ NBM:
0.05Yb**, 0.01Ho*" core@shell and NBM: 0.05Yb**, 0.08Er’*, 0.01Ho*" NPs optical

thermometers.
NBM: 0.15Yb3*, 0.08Er3*@ NBM:
0.05Yb3*, 0.01Ho*" core@shell with shell- Sa (K)x10# | S, (%.K)
to-core ratio

G1/G, 72.9 0.40

0:2 G//R 220.1 0.28

G,/R 623.0 1.14

G1/G, 73.8 0.29

1:2 G//R 3543 0.54

G,/R 70.7 0.68

G1/G, 75.1 0.44

2:2 G/R 775.1 1.56

G,/R 62.6 0.19

G1/G, 83.3 0.41

4:2 G/R 1904.4 4.16

G,/R 76.2 0.35

G1/G, 86.1 0.67

8:2 G/R 336.5 1.37

G,/R 330.4 2.66

G1/G, 1.3 0.15

2:0 G/R 6.3 1.68

G,/R 6.2 0.02

Gi/G, 74.4 0.37

NBM: 0.05Yb**, 0.08Er3*, 0.01Ho** NPs G/R 1734.2 3.81
G,/R 42.7 0.14
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Fig. S17. Calibration curves for (a) G,/G, TCELs, (b) G;/R and (c) G,/R NTCELSs for highly
sensitive sample, i.e., NBM: 0.15Yb*", 0.08Er** @ NBM: 0.05Yb**, 0.01Ho*" core@shell
sample with shell-to-core ratio of 4:2. Measurements were carried out at pump power density

of 0.042W/mm?2.
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Table S4. Temperature uncertainty values of NBM: 0.15Yb**, 0.08Er**@ NBM: 0.05Yb*",
0.01Ho** core@shell optical thermometers at 300 K.

Ratio G/G; G/R R/G,
0:2 0.0043 K 0.0084 K 0.0085 K
1:2 0.0049 K 0.0075 K 0.0079 K
2:2 0.0053 K 0.0072 K 0.0073 K
4:2 0.0031 K 0.0059 K 0.0016 K
8:2 0.0029 K 0.0015 K 0.11K
2:0 0.0157K 0.0129 K 0.0159K
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Fig. S18. (a) PXRD, and (b) PL intensity of NBM: 0.15Yb**, 0.08Er**@ NBM: 0.05Yb3",
0.01Ho*" core@shell nanoparticles with 4:2 shell:core ratio under ‘double 85’ test.
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