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S1. Experimental Section

S.1.1. Materials

All agents were used as received without additional purification. Acrylic acid (99,9%, stabilized with
ca 200 ppm 4-methoxyphenol; AA), dichloromethane (99.9 %; DCM), europium triacetate hydrate
(99.99%; EuAc x H,0), terbium triacetate hydrate (99%; TbAc x H,0), and thulium triacetate hydrate
(299.9%; TmAc x H,O) were purchased from Alfa Aesar. Dimethylsulfoxide (=99.9%; DMSO), 2-
propanol (=99.5%; IPA) N,N-dimethylacetamide (anhydrous, 99.8%; DMAc), pentaerythritol
triacrylate (technical grade; PETA), and zirconium acrylate (ZrA were ordered from Sigma-Aldrich.
J&K Scientific delivered 7-Diethylamino-3-thenoylcoumarin (97%, DETC).

S.1.2. Additive manufacturing
S.1.2.1. Photoresin preparation

In total, four different photoresins permitting the additive manufacturing of ZrO, doped with Eu’*, Tbh*,
and Tm3* and co-doped with Eu?*, Tb**, and Tm?* are tailor-made. The process consists of two steps,
i.e., preparation of the dopant solution and formulation of the photoresin base, which components are
later combined. To reduce UV exposure, the photoresin and its components were handled under yellow

lightning.
The preparation of Eu®*, Th**, and Tm3* doping and co-doping solutions

In 3 ml amber glass vials, lanthanide salts (Table S1.) are combined with DMAc to obtain a total weight
of 1000 mg using the analytical microbalance. For Eu’" doping, EuAc x H,O (6.59 mg, 20.02 umol) is
used; for Tb3" doping, TbAc x H,O (6.44 mg, 19.15 umol) is taken; and for Tm** doping, TmAc x H,O
(6.24 mg, 18.02 umol) is applied. The anhydrous basis is taken as a reference; thus, the actual doping
levels are lower in practice. For the co-doped sample containing Eu®*, Tb3*, and Tm?*" all the salts

mentioned above are used (2.2 mg EuAc x H,0, 6.68 pumol; 2.15 mg TbAc x H,0, 6.38 umol; 2.08 mg



TmAc x H,O, 6.00 pmol). The contents are dissolved using a vortex mixer for 5 minutes and later

placed in a water bath set at 40 °C for one hour to obtain transparent solutions.
The preparation of Zr-containing lanthanide-doped photoresin

In a 50 ml amber round bottom flask, ZrA (75 mg, 0.2 mmol) was dissolved in 250 mg of DMAc (250
mg, 2.87 mmol) and DCM (250 mg, 2.94 mmol) by mixing the contents for 1 hour in a rotary evaporator
operated under ambient pressure at 40 °C, and 150 rpm. Then, PETA (300 mg, 1.01 mmol) and 250 mg
of the doping or co-doping solution were added, and the rotation-mixing resumed for one hour. DETC
(23 mg, 76.8 pmol) and DCM (100 mg, 1.18 mmol) were transferred to the mixture. After the
dissolution of the photoinitiator, the pressure was reduced for 30 minutes to remove DCM completely.

The obtained photoresin was pipetted to the storage vial and used directly.
S 1.2.2. Two-photon lithography

The pre-ceramic microstructures were written using tailor-made photoresins, and a direct laser writing
system (Photonic Professional GT, Nanoscribe) operated in the reflection mode. In the setup differential
interference contrast, 63x/1.4 NA objective (Plan-Apochromat, Carl Zeiss) immersed in oil (Immersol
518 F, Carl Zeiss) focused the femtosecond laser radiation on the interface between a silicon dice (1 x
1 cm) and the photoresin. The polished reflective side of the Si dice was placed on parallel ribbons of a
double-sided polyimide adhesive tape, facing the objective. The 3D structures were patterned using the
laser set at 18.9 mW power and 1 mm s-!' scanning. After printing, the detached Si dices were immersed
in DMSO for 2 minutes, IPA for 2 minutes to develop, and later placed for 12 hours in a drying oven
set at 65 °C.

S 1.2.3. The preparation of the bulk-cured photoresin

To bulk-cure the photoresin, it was pipetted into a glass Petri dish and cured with ultraviolet (UV)
radiation (36W, 365 nm) using a commercial desktop lamp (EBNOO1, Esperanza). After 3 hours of
exposure, the thin film was pulverized and placed in a drying oven (Model ED 23, Binder) at 80 °C for
12 hours to remove the potential volatile component traces. The dried photopolymer was later used to

synthesize the bulk reference ceramic powder.
S 1.2.4. Thermal processing

The Si dices with the 3D-printed pre-ceramic architectures and bulk-cured photopolymers were placed
in Alsint® crucibles and annealed in a chamber oven (LH 15/12, Nabertherm) with opened air inlets.
The 1 °C min™! heating ramp was first set to reach 500 °C, and then 2 °C min! to attain 600 °C, which
temperature was maintained for one hour. The oven was then cooled at a natural ramp. The annealing
resulted in the combustion of the organic constituents of the photocured materials and promoted the

formation of the target doped ceramics.



S.2. Characterization

S.2.1. Characterization of the 3D ceramic architectures
S.2.1.1. Cathodoluminescence (CL)

The cathodoluminescence spectra and images were collected at ambient temperature with a Gatan
MonoCl4 detector using a JEOL JIB-4500 scanning electron microscope operated at 15 kV acceleration
voltage. The CL spectra were converted from the photon energy (eV) to the corresponding wavelength
(nm) and processed using OriginPro 2022 software to generate the Commission Internationale de

1'éclairage (CIE) 1931 color space chromaticity diagram.
S.2.1.2. Confocal Raman Spectroscopy (Raman)

Upon excitation with a 532 nm laser set at 5.0 mW power, the Raman spectra were collected at room
temperature with a commercial Raman microscope (Alpha 300, WiTec) in standard backscattering
geometry. An air objective (100%/0.9 NA, MPlan FL N, Olympus) and 600 g mm™' grating were used.
The presented spectra were collected for half a second and are the average of 100 acquisitions. The data
was processed to remove the cosmic rays and baseline-corrected with freeware software (CrystalSleuth,

RRUFF™ Project).!

S.2.1.3. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy
(EDX)

The electron images of the 3D architectures were registered with Inlens, and High-Efficiency Secondary
Electron detectors of the SEM station (Carl Zeiss, Merlin AURIGA CrossBeam Workstation) operated
at 1.4 kV acceleration voltage. The energy-dispersive X-ray spectrum and maps showing the elemental
distribution throughout the architecture were acquired using the 15 kV acceleration voltage using the
AZtec (Oxford Scientific) application. The Secondary Electron SEM images were acquired using a
JEOL JIB-4500 SEM operated at 15 kV and 7 kV acceleration voltage.

S.2.1.4. X-Ray Powder Diffraction (XRD)

The X-Ray Powder patterns of the reference powders were registered using a LynxEye detector of the
desktop diffractometer (D2 Phaser, Bruker) with a Cu-Ka source (A = 1.5406 A) operated at 30 kV and
10 mA. The diffractograms of the samples cast on the zero-diffraction substrate were collected within
the 20 20°-80° scan range with a 2.25° min"' scan speed. The baseline correction was performed using

a default algorithm of freeware software (CrystalSleuth, RRUFF™ Project).!



S.3. Supplementary images

S.3.1. Supplementary SEM images of microstructures

In Fig. S5., supplementary SEM and panchromatic CL images of additional 3D structure designs, i.e.,
Zr0,:Tb*" and ZrO,:Tm3*, and ZrO,:Eu?* Tb3" Tm3"* octet-truss lattice annealed at 600 °C for 1h, are

presented.

Fig. S1 (a—¢) SEM and (a' — ¢') panchromatic CL images of samples annealed at 600 °C for 1 h: (a, a')
ZrO,:Tb*" gyroid, (b, b') ZrO,:Tm3* gyroid, (c, ¢') ZrO,:Eu**, Tb**, Tm3* octet-truss lattice. Scale bars

represent 5 pm.

In Fig. S6, additional SEM images of (a) ZrO,:Eu**, (b) ZrO,:Tb3, (¢) ZrO,:Tm?*, and (d) ZrO,:Eu?*,
Tb**, Tm3* buckyballs annealed at 1200 °C for 3 h are given. Fig. S6 (a' — d') shows high-magnification
SEM images of the areas indicated with boxes in images (a — d). The presence of crystalline grains is
confirmed. The sintering of crystallites is pronounced at the edges and may result in structural

deformations.



Fig. S2 SEM images of buckyballs annealed at 1200 °C for 3 h: (a) ZrO,:Eu’', (b) ZrO,:Tb*, (c)
ZrO,:Tm3", and (d) ZrO,:Eu?*, Tb**, Tm3*. (2’ — d’) high-magnification SEM images of areas indicated

with boxes in images (a — d). Scale bars represent (a —d) 4 pm and (a' — d') 2 um.

S.4. Supplementary spectra

S.4.1. XRD patterns of reference ceramic powders

The ZrO, doping with trivalent species results in the formation of Vo, compensating for the charge and
promoting the sevenfold coordination of the Zr cations.? Under the conditions applied in this study, a
tetragonal phase is expected. The XRD patterns of the ZrO,, ZrO,:Eu®*, ZrO,:Tb**, ZrO,:Tm3*, and
ZrO,:Eu®", Tb¥*, Tm3" reference powders are presented below in Figure S2. All the diffractograms are
distinct of the tetragonal zirconia (#-ZrO,) phase of the P4,/nmc space group, with the most intense
diffraction at 30.3° (101), and weaker signals around 35.0° (110), 50.3° (112), and 59.9° (101),
consistent with the results previously observed for ZrO,, and ZrO,:Eu?’, Tb*", Tm?" at similar RE3*

concentrations.?
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Fig. S3 XRD diffractograms of the ZrO,, ZrO,:Eu’*, ZrO,:Tb**, ZrO,:Tm?*, and ZrO,:Eu**, Tb**, Tm3*

reference powders.

Scherrer equation (1) is used to compute the average size of crystallites (D), based on the used X-ray
wavelength (A = 1.5406 A), using Scherrer constant, K of 0.89, and the determined full width at half

maximum, (FWHM, denoted m) for the measured diffraction angle (6).*>

KA
— (1)

The FWHM is determined using the Gaussian function and OriginPro® 2022 software for the peaks
centred around 30.3° (101), 35.0° (110), 50.3° (112), and 59.9° (101). The averaged crystallite sizes are
6.6 £ 0.7 nm for ZrO,, 7.1 £ 0.4 nm for ZrO,:Eu**, 6.2 £ 0.4 nm for ZrO,:Tb**, 7.3 + 0.5 nm for
ZrO,:Tm3*, and 6.5 + 0.4 nm for triply-doped sample.

S.4.2. Raman spectra of the microstructures

Characteristic Raman vibrational modes of tetragonal ZrO, (¢-ZrO,) are registered around 145 cm™!
(Biy), 267 cm’! (E,), 462 cm™! (E,), and 646 cm™! (E,). Additional weaker shoulders around 316 cm'!
(Byy), and 606 cm™! (By,), typical -ZrO, are also observed for the undoped microstructure.®® The same
Raman modes are observed for ZrO, doped with Eu**, Tb3*, Tm?", and the triply-doped ZrO,. The
results are consistent with the literature on the ZrO, doped with ~3 wt. % of Ln*" species, and our

previous study.>°
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Fig. S4 Confocal Raman spectra registered for the ZrO,, ZrO,:Eu’", ZrO,:Tb**, ZrO,:Tm?3*,

buckyballs and ZrO, microstructure co-doped with Eu’*, Tb3*, and Tm?3*.

We consider that using a Confocal Raman Microscope with a green (532 nm) light source at 10 mW to
prevent the detector saturation, it is possible to excite the ZrO, microstructure doped with Tm3*, Tbh3*
and Eu’*. The 532 nm laser has the highest photon energy available in the system (532 nm, 633 nm,
and 785 nm). As the emission of Tm3" and Tb3" typically falls below this wavelength, only Eu®*
emissions may be observable. A concept has previously been presented by Tiseanu et al.'%!! The
spectrum is obtained by focusing into a buckyball toward the substrate (and thus defocusing from the
surface). Weak Raman scattering related to the #-ZrO, lattice and Si peaks is observed in the lower
reciprocal lengths in Figure S3.6%12 At the higher wavenumbers, emissions resembling the
photoluminescence spectrum of #-ZrO,:Eu** are observed.!3!* The Raman spectrum wavelength (),)
collected upon excitation at the wavelength (A) can be estimated for the known Raman shift (v) by
converting the wavenumber (cm') to wavelength (nm).!°> The following formula estimates the Raman

spectrum wavelengths:

The ZrO,:Eu’" transitions are labelled in Figure S3. The most intense signal is related to the Dy — F,
transition, in which splitting into sublevels around 2315 cm! (607 nm), 2443 cm™!' (611 nm), and 2780
cm! (624 nm) is observed.'* A weaker D, — ’F, transition, peaked at 1890 cm™! (~591-592 nm) with
1760 cm! shoulder (587 nm), is also registered. A weak peak related to the >Dy — ’F, transition is found
at 1505 cm! (578 nm). 1314 Finally, a contribution around 3440 cm™!' (651 nm), associated with a 5D, —

F; transition, is observed.!314
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Fig. S5 Confocal Raman spectrum collected from a ZrO, microstructure co-doped with Eu?*, Tb3*, and
Tm?3*, excited at 532 nm, showing characteristic emissions for Eu*" species in the ~1500 — 3700 cm!
range. The specific Eu’* transitions are assigned. The #-ZrO, Raman vibrational modes are labeled with

asterisks (), and the peaks related to the substrate are labeled as Si.

S.4.3. Supplementary CL measurements

The main goal of this study is to present the realization of white emission in triply-doped (ZrO,:Eu?",
Tb3* Tm?*") microstructures. However, to provide additional insights into the effects of the temperature
treatment, ZrO,:Eu?", ZrO,:Tb*" ZrO,:Tm?', and ZrO,:Eu**, Tb*, Tm3' microstructures already
annealed at 600 °C for one hour are additionally thermally treated at 1200 °C for one and three hours.
The annealing is conducted under low pressure (1 mTorr) in an 80:20 mixture of N, and O, to simulate
air. The temperature is chosen, as at 1200 °C monoclinic phase (m-ZrQ,) is yielded, and the two
different times are selected to investigate whether the changes in spectra are related to the treatment
time.® Cathodoluminescence spectra collected for these samples are presented below in Fig. S4, in

which transitions are assigned to the observed peaks.
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Fig. S6 Cathodoluminescence spectra registered for 3D printed structures annealed at 1200 °C for one
and three hours: (a) ZrO,:Eu®", (b) ZrO,:Tb*" (¢) ZrO,:Tm?**, and (d) ZrO,:Eu?*, Tb3*, Tm3*. The solid
red, green, or red line represents the one-hour treatment, and the black line represents the three-hour

treatment.

In the case of ZrO,:Eu?*, the Dy — 7F; (J=1,2,3) transitions are observed, though the D, — ’F, transition
shows relatively higher intensity, in accordance with our previous observations (Fig. S4 (a)).’
Additional broadband component corresponding to blue-green emissions (= 400 — 500 nm) is observed
and assigned to the 4f°5d! — 4{7 (8S,,) Eu?" transition, indicating the partial reduction of Eu’* species
to Eu?*. No significant differences are noticed for a sample annealed at 1200 °C for three hours.
Previously, we observed a partial reduction of Eu*" to Eu?" after similar thermal treatment in the

ZrOy:Eu*" XPS data collected for reference powder.’

Next, CL spectra registered for ZrO,:Tb*" are analysed. Significant differences are noted, correlated
with the complex changes within the sample state, as indicated with the assigned °D; — 7F; and °D; —

’F; transitions (Fig. S4 (b)), which origin is briefly discussed.!® The relative intensity of the blue and

9



green Tb* 3D; and D, level emissions are correlated with the Tb?" concentration.!” The energy
difference between the Tb*' °Ds and Dy, and "F,, and "F, levels, is similar, which renders the emissions
related to the °Dj; level strongly dependent on the cross-relaxation pathway, directly related to the ion
concentration and separation distance.!” At high Tb?" concentrations, the excited electrons can cross-
relax from the °Dj to the D, level.!” The process is associated with the energy transfer from the Tb**

’D; excited state to the ground state ion:!”-!8
Tb3" (°D;) + Tb** ("F4) — Tb*" (°Dy) + Tb** (7Fy)

As discussed earlier, for lower Tb** concentrations, the cross-relaxation probability is decreased, which
promotes the D; — 7F; transitions.!” The effect is more pronounced at low concentrations and is
typically noted in cathodoluminescence spectra but not found in the case of photoluminescence.!”!° The
blue emission has been correlated with Tb*" ions, substituting the Zr** ion positions. Upon the electron
(e’) impact from the beam during cathodoluminescence measurements, Tb*" ions can transiently be

excited to the (Tb*")" state which results in the formation of emissive centers!:
Tb* +e — (Tb3+)* — Tb* + thuminescence (SDSa 5D4 - 7FJ)

In the CL spectra collected for ZrO,:Tm?** (Fig. S4 (c))., significant narrowing and relative increase of
the 'D, — 3F, transition intensity is observed for the samples annealed at 1200 °C for one and three
hours. In addition, weak 'D, — 3H; and 'G4 — 3F, transitions are observed after treatment at 1200 °C
for 1 h. The latter transition is not discernible after the treatment for 3 h. Finally, the CL spectra collected
for triply-doped microstructures (ZrO,:Eu**, Tb**, Tm3") are discussed (Fig. S4 (d)). A notable
difference concerns the suppression of the characteristic Dy — Fy (J=1,2,3,4) transitions of Eu’" for
both samples annealed at 1200 °C for one and three hours. Similarly, the Tb** D, — 7F; signal intensity
is significantly decreased. The Tm3" 'D, — 3F, transition, and Tb** ’D; — 7F¢ and °D; — "F, transitions
can be distinguished. Similar trends can be observed for ZrO,:Eu?*, Tb3*, and Tm3* (8 mol % of
lanthanides in total) synthesized using a sol-gel method and a polymeric matrix by Lovisa et al.?° The
region from 4.1 eV to = 2.4 eV (or = 300 — 517 nm) appears to contain a buried broadband feature,
which may be the sum of different contributions. As the intensity of Eu***D, — 7F; (J=1,2,3) and Tb3*
D4 — 7F; transitions are affected, we postulate that the observations may be correlated to the reduction
of Eu’* to Eu?*, the oxidation of Tb3" to Tb*". The reduction of Eu** and oxidation of Tb*" has previously
been observed under similar conditions in, e.g., SrAl,Si,Og?! or may be associated with impurities.?? As
presented, the thermal treatment opens the opportunities for further tuning the optical properties of the
triply-doped microstructures (ZrO,:Eu®*, Tb*", Tm3"), which may allow the realization of complex
emissions in colors other than primary or white, presented for structures annealed at 600 °C for 1 h.
From a different perspective, the use of lower temperatures is attractive due to the energy use concerns

and permits for the integration across different manufacturing processes.
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