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1. Structural and morphological analysis from TEM-EDS analysis and DLS

1.1.  Size distribution by TEM and DLS

30

35

AR :1.25+0.24 nm
254
204
g =
3 15
[ =
o
=5
o
0
w104
5
0 —t— U T T
05 10 15 20 25 30
Aspect Ratio ZnO
25
ce AR :1.36£0.34 nm
204
-
g 15
>
Q
=
£l
T 104
o
w
54

Aspect Ratio ZnO:Th

35

Frequency (%)

Frequency (%)

25

204

AR :1.29 £0.26 nm

L
15

Aspect Ratio ZnO:Eu

T f
20 25

30 35

AR :11.37 +0.36 nm

05

—_—
15

" 20
Aspect Ratio ZnO:La

T
25

30 35

Figure S1. Aspect ratio distribution of samples ZnO, ZnO:Eu, ZnO:Tb, and ZnO:La determined by TEM.
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Figure S2. Size distribution of samples ZnO, ZnO:Eu, ZnO:Tb, and ZnO:La determined by DLS.
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1.2. STEM-EDS analysis
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Figure S3. EDS elemental maps (multicolor Trumaps) of undoped ZnO nanoparticles (NPs) and
ZnO NPs doped with lanthanides (Eu, Tb, and La).

Table S1. Average elemental composition of undoped and lanthanide-doped ZnO NPs listed in at% with

NP Zn o Ln! Na Ca Mg P K Cl
s

(at% + o) (at% + o) (at% +0) (@t%=+0o) (at%+o) (at%+0o) (at%+o) (at% +0) (at% + o)
ZnO 45.70+0.06 52.82+0.18 - 0.92+0.13 0.16+0.01 0.25+0.02  0.16x0.02 - -

ZnO:Eu  46.62+0.16 51.74+0.37  0.34+0.04 0.76x0.40 0.19+0.04 0.22+0.06  0.14+0.05 - -

ZnO:Tb  60.01+0.04 37.35+0.12  1.42+0.01 0.77+0.10  0.12+0.01 <0.1 0.16+0.01  0.07+0.01  0.09+0.01

ZnO:La  53.81+0.04 43.70+0.12  0.47+0.01 1.36x0.11 0.18+0.01  0.19+0.02 0.15+0.01  0.11+x0.01  0.04+0.01

standard deviation (o) obtained from STEM-EDS measurements.

1 Ln stands for lanthanide (Eu, Tb, and La) dopant.
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Figure S4. EDS map sum spectrum of ZnO (a) and ZnO:Eu (b). (c) Insets of (b) magnified in the 4.6-8.3
eV region, shows peak shapes of Eu L line series fitted to the spectrum by the Filtered Least Squares
approach. EDS spectrum images (Sls) were acquired with 199 x 166-pixel dimensions and 62.4 ms dwell-

time.
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Figure S5. EDS map sum spectrum of ZnO:Tb (a) and ZnO:La (b). (c) Inset of (a) magnified in the 5.0-9.5
eV region, shows peak shapes of Tb L line series fitted to the spectrum by the Filtered Least Squares
approach. EDS SlIs were acquired with 1024 x 1024-pixel dimensions and 35 pis dwell-time. (d) Insets of
(b) magnified in the 4.0-6.2 eV region, shows peak shapes of La L line series fitted to the spectrum by the
Filtered Least Squares approach. EDS SIs were acquired with 512-pixel x 512-pixel dimensions and 50 pis

dwell-time.
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2. X-ray photoelectron spectroscopy (XPS)

The modified Auger parameter (a') values were calculated using the uncorrected Zn 2p photoelectron

and LsMssMass Auger lines of Zn and compared to the literature value of 2010.4 eV for zinc oxide [1, 2].

a’ = Ep(Zn2ps);) + E(ZnLsMyusMys)
a’ = Ey(Zn2ps/;) + hv — E,(ZnL;MysMys)

where Eb and Ex are the binding and kinetic energies of the corresponding photoelectron and Auger lines,

respectively.

The obtained o' values of 2009.9 eV (ZnO, ZnO:Eu and ZnO:Tb) and 2010.0 eV (ZnO:La) confirmed the
formation of ZnO. Zn 2p core-level XPS were determined.

Table S2. Binding energies of Zn 2ps2, O 1s, O 1s (Zn-OH), C 1s (C-C/C-H), Na 1s, Ca 2pss2, K 2ps2, and
Cl 2psp. ' Ln stands for lanthanide (Eu, Tb, and La) dopant.

Binding energy of photoemission lines (eV) Elemental composition (at%)
o1 C1

Sample Zn 2ps; O1s (Zn-OSH) Ln3d (C-C/ CS-H) Nals  Ca2ps: K 2psn Cl 2ps»

ZnO 2009.9 530.23 531.71 - 284.81 1071.84 347.33 296.44 198.89
1134.30

ZnO:Eu 2009.9 530.18 531.66 1164.40 284.80 1071.64 347.18 296.06 198.77
1239.97

ZnO:Tb 2009.9 530.17 531.62 1276.70 284.80 1071.60 347.20 296.10 198.72
835.06

ZnO:La 2010.0 530.14 531.61 851.8 284.78 1071.61 347.32 296.20 198.75
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2.1. Core-level XPS from additional non-intentional dopants: Na 1s, K 2p, Ca 2p, and
Cl 2p (all samples)
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Figure S6. HRXPS spectra of (a) Na 1s; (b) K 2ps»2; (c) Ca 2ps2(c); and (d) Cl 2ps2 core-level photoelectron
lines from ZnO, and Eu, Tb, La doped ZnO samples.
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The HRXPS spectra of Na 1s core-level exhibited in Fig. S6a show that at increasing concentrations of Na
the binding energy shifts towards lower energies. Similarly, the spectra of K 2p (Fig. S6b) follow the same
trend of lower binding energies with increasing K concentrations.

HRXPS spectra of Ca 2p (Fig. Sé6c), exhibit constant binding energies apparently not related to the
concentration. The HRXPS spectra of Cl 2p (Fig. S6d), similarly to Ca 2p, show constant binding energies

not influenced by the concentration of Cl in the sample.

The spectrum from the sample ZnO:La exhibits an additional photoemission line from La 4ps/2 centered
at196.4 eV.
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Figure S7. (a) ARXPS of Zn 2p, O 1s lattice, O 1s -OH and adventitious C 1s. (b) ARXPS (right) Na 1s, K
2psp2, Cl 2pspe, Ca 2pspz, and Eu 3dsp, from sample ZnO:Eu.

3. X-ray powder diffraction (XRPD)

Table S3. Selected bond distances and angles of ZnO, ZnO:Eu, ZnO:Tb, and ZnO:La.

ZnO ZnO:Eu ZnO:Tb ZnO:La

Selected bond distances (A)

Zn1-01 (O in c-axis) 2.0150 2.0171 (16) 1.9931 1.9846 (0)
Zn1-01" (O off c-axis) 1.9661 1.9656 (5) 1.9727 1.9756 (0)
Selected bond angles (°)

a (0Zn0') 107.392 107.333 (42) 107.988 108.224 (0)
B ( 0'Zn0’) 111.467 111.523 (43) 110.913 110.690 (0)

Table S4. Domain size and average maximum strain of ZnO, ZnO:Eu, ZnO:Tb, and ZnO:La samples.

ZnO ZnO:Eu ZnO:Tb ZnO:La
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Microstructural analysis

Average apparent size (A) 401.57 (33) 433.02 (12) 408.36 (33)

Average maximum strain (%) 13.9618 (207) 14.4734 (141) 11.3448 (146)

412.10 (33)

11.4910 (141)

4. Photoluminescence spectroscopy
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Figure S8. PL emission spectra performed at 298 K of ZnO, ZnO:Eu, ZnO:Tb, and

ZnO:La NPs.
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Figure S9. (a) Site-selective emission spectra of Eu’* ions in ZnO:Eu at 298. (b) Site-selective excitation
spectra of Eu®* ions in ZnO:Eu at 298 K.

The relative quantum yields (QYs) were measured using a solution of Rhodamine 6G in ethanol (QY =
95%) as a reference material according to literature [3]. Quantum yields < 1% for all samples when

dispersed in ethanol and excited at 325 nm were measured.

5. Calculation of average wt% values and average standard deviations

Quantitative EDS microanalysis in Aztec v4.3, displays elemental composition values in mass percent
composition (wt%) with one standard deviation (o), along with atomic percent composition (at%) values,
based on counting statistics.

The calculation of an average wt% value for each element from different wt% values observed in different

nanoparticles within a common sample, was realized by using an arithmetic mean equation:

n
)
X==)x
n .
=1
Where, x is the wt% value of each nanoparticle and n is the number of wt% values.
The calculation of the standard deviation for the previous average wt% value based on different sets of
data, is not as trivial as the previous operation. The reason is because each individual wt% value given
by Aztec software is in reallity a mean value itself given with one standard deviation and calculated from
n observed wt% values. Therefore, to calculate the standard deviation for the average wt% value, one
must know all n observed wt% values from all datasets and apply the following standard deviation

equation:

where kn is the total number of values from k datasets, x is each observed wt% value and x is the average
wt% value calculated from k datasets. The problem arises when we do not know all n observed wt%
values (x), but only the mean wt% value itself and the standard deviation o from each dataset. The
solution to this problem is found when we acknowledge this calculation can be performed as an intraclass
correlation, a model part of the Analysis of Variance (ANOVA) methodology developed by the
statistician Ronald Fisher [4]. The intraclass correlation model is based on the treatment of all data points
as they were from the same dataset having the same mean and standard deviation. Therefore, the

standard deviation for the average wt% can be calculated from o2 - kn using the following equation:
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0% kn = i(x—f)z = ki(fp — x)? +zk:zn:(x_fp)2

Where the first term is the sum of squares of the kn deviations of all the observations from the general
mean (average wt%), the second is k times the sum of the squares of the n’ deviations of the mean of each
family from the general mean, and the third term is the summatory for k families of the sum of the n
squares of the deviations of each individual measurement from the mean of the family to which it belongs.
Knowing for each dataset (for each k) the number of counts in the spectrum (n), then kn is the sum of the
counts from all datasets. Therefore, the variance for each dataset, (¢")?, multiplied by the number of

counts of its spectrum, it is equal to the third term in the previous equation.

n

(') -n = Z(x — %)

1

The average standard deviation for the average wt% value is:
nr k n 1/2
— 1 kk = )2 7 )2
O'—H 1(xp—x) + 1 1(x—xp)

where, X, is the wt% value of each element in a dataset, and ¥ is the average wt% value calculated from

k datasets.
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