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1 | INTRODUCTION

The praseodymium-doped =zircon yellow pigments

Abstract

It is of particular significance to unveil the authentic coloration mechanism of
the multivalent praseodymium colored ZrSiO, yellow pigments for advanced
decoration applications. We herein adopted a facile strategy to modulate the
fluorine-assisted zircon crystallization and thereby obtained ultrafine Pr-ZrSiO,4
yellow pigments, which have a remarkably narrow size distribution and aver-
age diameters within 250-400 nm. By virtue of some cogent combinative
spectra of reflection, absorption, excitation, and emission from three types of
elaborately-designed H,-, air-, and O,-based pigments, the coloration mecha-
nism for the Pr-colored zircon was systematically unveiled: both Pr** and Pr3*
coexist invariably in the pigments, while the former contributes primarily to the
ligand-to-metal charge transfer from O, to Pr(IV),¢ for the blue-violet absorp-
tion to generate the yellow hue, and the latter is inclined to discolor the pigments.
Therefore, an oxidizing atmosphere is preferable to produce brilliant Pr-ZrSiO,
pigments with enhanced chromatic properties. The stark spectroscopic distinc-
tions between the wide-band absorption from the nonluminescent tetravalency
and the narrow-band absorption from the luminescent trivalency can expand our
understanding to the rare-earth-based inorganic pigments.

KEYWORDS
luminescence, mechanism, morphology, pigment, spectroscopy, zircon

ing for their environmental benignity, superb yellowish
hues, outstanding chemical/thermal stability and desir-
able compatibility with other pigments and ceramic

(Pr-ZrSiO,), as one of the very few high-temperature
inorganic pigments, are widely applied in conventional
inorganic decoration and also the high-tech digital print-

#Shan Peng and Ranran Yang contributed equally to this work.

bodies."* However, the Pr-ZrSiO, pigments, as naturally
allochromatic pigments, are still inferior in the tinting
strength (the colorimetric values b* = 45-82, typically
50—65)>"° to those idiochromatic pigments (such as BiVO,
and CdS,,S,, with b* as high as 92—99).70 It is still
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challenging the researchers to further promote these
pigments to a higher coloring performance in both the
micron-sized ones for conventional applications and also
the submicron-sized ultrafine powders for the thriving
high-tech digital decoration.! From long-term perspec-
tives, a central question is still open whether or not one
can transform these pigments into some suprapigments
(with the chroma value C* exceeding 100, defined in the
authors’ work to be unpublished) for more advanced
applications.

Of the first and foremost significance is to determine
the real provenance and also the hinderance of the yellow
hue of the Pr-ZrSiO, pigments, which will be proven sub-
stantially valuable to promote the in-depth development
for more rare-earth substituted pigments akin to these Pr-
based pigments. The coloration mechanism has diverged
throughout the process of research and application for the
Pr-ZrSiO, pigments. One school argues that the yellow
hue originates from the electronic 4f—4f transition within
Pr3+,!M12 which explicitly cannot support the commonly
high color saturation of the yellow hues in the pigments
due to the naturally weak absorption from the 4f—4f tran-
sition. Another is inclined to attribute the coloration to
the strong selective absorption in partial visible lights from
the ligand-to-metal charge transfer (LMCT) from Pr** or
to some other unclearly-explored reasons.’*> Obviously,
there are no really cogent and multidimensional consoli-
dations to support the latter views, since the characteristic
photoluminescence in the Pr-ZrSiO, pigments invariably
exists, and it must derive from Pr3* rather than Pr**.
Indeed, it is difficult to determine the real chromatic func-
tion of praseodymium in the pigments, especially when
its tetravalency and trivalency constantly coexist, and only
one was often erroneously recognized present in the hybrid
pigmental system. Convincible and reliable proofs are still
anticipated to reveal the authentic coloration mechanism
for these pigments.

Another concern relates to the synthesis of well-
crystallized Pr-ZrSiO, pigments, which have an ideal
submicron dimension of about 200—400 nm (just half
the wavelength of visible lights) for maintaining the suf-
ficient molten-glaze stability and also for the improved
chromatic property from the enhanced light scattering
and absorption-reflection. Furthermore, submicron pig-
ments with a well-defined morphology give more favorable
fluidity when applied in inkjet printing than most of sub-
optimal colorants with an irregular morphology and wide
size distribution. It is to date still a challenge to fulfill
these requirements via a facile solid-state reaction synthe-
sis, since the robust ZrSiO,4 matrix gets crystallized only at
high temperatures, typically over 1000°C, which usually
induces severely aggregated large particles with average
sizes up to 3—20 um and a wide size distribution.>'1*"1° In

contrast, a low-temperature hydrothermolysis can indeed
realize uniform or even monodisperse zircon powders at
only 150—370°C,?*?! but these liquid-based preferentially-
grown zircons have little encapsulation capability to any
heterogenic cations or particulate chromophores (like
CdS,.,Se, and Fe,05); therefore, hydrothermolysis was
typically applied for the precursor treatment and often
followed by a high-temperature calcination.”” Alterna-
tively, a top-down route is generally applied to pulverize
the conventional micron-sized pigments into submicron
powders,17 which consumes much energy and, however,
produces the pigments with suboptimal crushed particles.

Herein, we synthesized ultrafine Pr-ZrSiO, yellow pig-
ments via a facile one-step route and explored of the origin
of their yellow hues. Ammonium fluoride (NH4F) as an
effective formation inhibitor was introduced into the acidic
reactive environment to control the growth-aggregation
process of the zircon crystals. By varying the calcination
atmospheres (H,, O,, N,, and air), the pigments were
modulated with distinct spectroscopic performance. These
preconditions enable us to determinate the real hue prove-
nance for the Pr-ZrSiO, pigments. This work provides
some new insights into the coloring mechanism of the
rare-earth-based pigments.

2 | EXPERIMENTAL

2.1 | Materials

Zirconium oxychloride (ZrOCl,-8H,0), sodium metasil-
icate (Na,Si03-9H,0), zinc oxide (ZnO), glycol, sodium
fluoride (NaF), ammonium fluoride (NH4F), and sodium
chloride (NaCl) were of analytical grade and applied
without further purification. Hydrochloric acid (HCI,
36.5 wt%) and ammonia hydroxide (NH3-H,0, 25—28%)
or their diluted solutions were adopted for pH regulation.
All the reagents above were purchased from Sinopharm
Chemical Reagent (Shanghai, China). Analytical-grade
praseodymium nitrate (Pr(NOj;);-6H,0) was obtained
from Aladdin Reagent (Shanghai, China). Deionized ultra-
pure water (18.25 MQ, trace metals < 1 ppm) was prepared
by a laboratory water purifier.

2.2 | Synthesis of Pr-ZrSiO, pigments

Ultrafine Pr-ZrSiO, pigments were synthesized by a co-
precipitation method. Typically, ZrOCl,-8H,0 (32.22 g,
0.1 mol) was dissolved in 100 mL deionized water, and
Pr(NO3);-6H,0 were added to obtain Pr/Zr mole ratios at
0 (labeled as Pr0), 2% (Pr2), 4% (Pr4), 6% (Pr6), 8% (Pr8),
and 10% (Pr10), respectively. The pH value was adjusted to
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4.0 with dilute NH;3-H,O0 (4.5 M). Na,SiO3-9H,0 (34.08 g,
0.12 mol) was then dissolved in 100 mL deionized water,
and the pH was adjusted to 4.0 with dilute HCI (2.9 M). The
two colloidal sols above were simultaneously pumped into
another 100 mL NH,F solution (2 mol/L, for F/Zr = 2.0 in
mole) under vigorous stirring at room temperature, while
pH of the mixed sol was maintained at 4.0. After heating
in a water bath at 80°C for 4 h and aging for 12 h at room
temperature, the suspension was filtered and washed with
ultrapure water several times, and then dried at 120°C for
12 h to obtain a precursor powder. Subsequently, the pre-
cursor xerogel was calcinated at 950°C for 1 h after addition
of 5.0 wt% NaF and 10 wt% NaCl as mixture mineralizers,
and final pigments were obtained after acid washing (via
4.0 mol/L HNOs) and drying at 120°C overnight. The nor-
mal zircon was similarly synthesized without addition of
NH,F and a Pr source (see the supporting file).

To explore the coloration mechanism of the Pr-ZrSiO,
pigments, different calcination atmospheres were applied:
the precursor powders were calcinated at 950°C for 1 h
(heat ramp rate of 5°C/min) under the atmospheres of H,
(5% in N,), air and pure O,. The pigments are denoted
as H,-based Pr6, air-based Pr6, and O,-based Pr6, respec-
tively. To optimize the tinting strength, ZnO was addi-
tionally applied in the mixed precursor to produce the
pigments of P6Z0—5 (Table S1).

2.3 | Characterization

Crystalline phases of the Pr-ZrSiO, pigments were
determined by X-ray diffraction (XRD, D8 Advance,
Bruker) with a Cu K, radiation source (1 = 1.54056
A) at 40 kV and 40 mA in the scan range of 10—60° at
a scanning rate of 0.02°/s. The X-ray diffraction data
were analyzed by Rietveld refinement using the TOPAS
software (Version 6.0). The morphology of pigments
was scanned using a field-emission scanning electron
microscope (JSM-7100F, JEOL). The particle size distri-
bution of Pr-ZrSiO, pigments was obtained by a laser
particle size analyzer (ZS90, Malvern, UK). The chem-
ical composition and element contents were performed
by X-ray photoelectron spectroscopy (XPS, ESCALAB
250Xi) and energy-dispersive spectrum (EDS) (Brucker,
Flash6 XFlash 6130). Reflectance spectra of pigments
were measured by a spectroscope (UV-2450, Shimadzu,
Japan) in the wavelength range of 300—700 nm. The
chromatic properties of pigments were tested according
to the CIE system by a chromometer (YS30, 3NH); the
parameter L* represents the lightness, a* the hue level of
red to green and b* the hue level of blue to yellow. The
parameter C* (chroma) represents the color saturation

and defined as C* = 4/ (a*)2 + (b*)z. The excitation (pho-

toluminescence excitation, PLE) and emission spectra
(photoluminescence, PL) were collected on a Xe light
(FLS980, Edinburgh) over 200—800 nm.

The density function theory (DFT) calculations
were performed by the Vienna ab initio simulation
package. The projector-augmented-wave method was
used to describe the ion—electron interactions, and the
Perdew—Burke—Ernzerhof and generalized gradient
approximation were applied for the exchange—correlation
functional to treat the interactions between electrons. To
include the Van der Waals interactions, the Grimme D3
dispersion correction was utilized. The DFT+U approach
was used to handle the highly correlated 3d and 4f elec-
trons, and U values of 7.0 and 6.335 eV were used for Zr
and Pr, respectively. Considering the 3d orbital of Zn as a
full one, U was not applied for the Zn atom. Tetragonal
ZrSiO4 has a space group of 14;/amd, and Zr and Si are
located at the Wyckoff positions 4a and 4b, respectively,
whereas O is set at the 16 h position. A unit cell of ZrSiO,
containing 24 atoms is used in our calculations. The co-
doping was simulated by substituting the Zr atoms with
Pr and Zn. A plane-wave cutoff of 500 eV was used for the
kinetic energy. A uniform I'-centered Monkhorst—Pack
k-point grid of 9 X 9 X 9 was used for the Brillouin zone
integrations. The energy convergence threshold of struc-
tural relaxation and geometry optimization was 1075 eV.
All atoms in the unit cell were fully relaxed without any
symmetry constraints until the force on each atom was
less than 0.01 eV/A.

3 | RESULTS AND DISCUSSION

3.1 | Basic traits of ultrafine Pr-ZrSiO,
pigments

The crystalline status of the ultrafine Pr-ZrSiO,4 pigments,
synthesized under a fluorine-rich acidic environment
(pH = 4.0), is presented in Figure 1(A-B), Table 1, and
Figure S1. After the calcination at 950°C for 2 h, all the
colored pigments Pr2-Pr10 and the control pure zircon
powders (PrO and the normal zircon) exhibit sufficient
crystallization and have the main phase of tetragonal
ZrSi0,4 and a minor phase of monoclinic ZrO, (m-ZrO,).
A small amount of ZrO, in most of the pigments usually
cannot be removed even though an excess of silicon was
initially introduced, or a prolonged calcination over 2 h
was applied. As the Pr content increases from zero to 10%,
the (200) diffraction peak is shifted slightly toward smaller
angles [Figure 1(B)], which is consistent with the previ-
ous observations in Pr-ZrSiO, pigments®; while the lattice
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FIGURE 1 (A)X-ray diffraction (XRD) patterns of the ultrafine Pr-ZrSiO, pigments of PrO-Pr10 and the normal zircon; (B) the
magnified patterns around 26 = 27°; (C and D) the size distribution of PrO-Pr10 and the normal-zircon.
TABLE 1 Rietveld refinement results and the size information for PrO-Pr10 and the normal zircon.
a c 1% ZrSio, m-Zr0, [Q1, Q3] IQR Ds,
Sample A) A) (A3 (mol %) (mol %) (nm) (nm) (nm)
Pro 6.6035(7) 5.9783(5) 260.69(8) 96.77 3.23 (288, 394] 106 338
Pr2 6.6040(6) 5.9797(4) 260.79(6) 94.00 6.00 [312, 438] 126 367
Pr4 6.6045(5) 5.9803(0) 260.86(4) 89.60 10.40 [271, 373] 102 317
Pré6 6.6047(9) 5.9803(0) 260.87(7) 88.02 11.98 [253, 315] 62 283
Pr8 6.6048(6) 5.9804(6) 260.89(7) 82.28 17.72 [278, 357] 79 313
Pr10 6.6040(4) 5.9803(2) 260.85(0) 69.10 30.90 [258, 331] 73 292
normal zircon 6.6102(6) 5.9860(4) 261.56(6) - - [1746, 2189] 443 1978

Note: IQR, interquartile range (see Figure S2). The numbers in brackets refer to the experimental uncertainty.

parameters a and ¢ determined by the Rietveld refinement
increase from 6.6035 to 6.6048 A and from 5.9783 to 5.9804
A, respectively, corresponding to the unit cell expansion
from 260.69 to 260.85 A3. This is attributed to the octa-
coordinated replacement of mainly the larger Pr*+ (0.96 A
in radius) and partially Pr3* (113 A) for the smaller Zr**
(0.84 A)." Explicitly, it is more difficult for Pr>* than Pr**
to replace the smaller Zr** in terms of both the require-
ments of comparable atom sizes and charge equilibrium.
Figures 1C,D and 2 present the size distribution and
morphology of Pr2-Pr10 and the reference zircons (Pr0 and
the normal zircon). All the zircon and pigments exhibit
a morphology of well-defined submicron polyhedrons
(fully- or partially- grown tetragonal-dipyramid) and have
avery narrow size distribution over 200—500 nm, typically
having the interquartile ranges (IQRs, defined in Figure
S2) within 250—400 nm (shown in Table 1), which dwells
well in half of the visible light range of 380—780 nm for
enhanced light scattering. Among the pigments, Pr6 has
the narrowest IQR of only 65 nm and, most importantly, a
very desirable average size of Dsy = 295 nm, just within half

of the yellow-light wavelength range of 565—600 nm. In
contrast, the pure normal zircon synthesized without the
NH,F inhibitor possesses average sizes of Dy, = 1.95 um
and irregular aggregated particles (Figure 2I), while
the zircons or pigments obtained from basic precursors
(pH = ~8.0) were often produced with severe aggregation
and micron-sized large crystals (exceeding 4—8 um, see
Figure S3). The suboptimal powders were frequently
encountered in zircon materials and usually cannot be
easily tackled when the solid-calcination synthesis was
conducted at 700—1200°C.

Diffuse reflectance spectra and absorption spectra in
the visible range for the ultrafine Pr-ZrSiO, pigments
are presented in Figure 3. The pigments exhibit high
reflectance in the green-to-red range of 500—700 nm and
gradually-intensified absorption in the complementary
violet-to-blue region of 380—500 nm with Pr increasing,
therefore generating a vivid yellow hue. All the spectra
of Pr2-Pr10 and even the pigments synthesized under a
strong O, atmosphere (discussed below in detail) equally
have an absorption band around 591 nm (i.e., a pivotal
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FIGURE 2 Scanning electron microscope (SEM) images of (A) Pr0, (B) Pr2, (C) Pr4, (D, E, and F) Pr6 at different magnifications, (G)
Pr8, (H) Pr10, and (I) the normal zircon.
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FIGURE 3 (A) The ultraviolet-visible (UV-VIS) absorption spectra, and (B) the diffuse reflectance spectra of PrO-Pr10 synthesized in
air.

contributing region for yellowness), which derives from  absorption band of Pr’*, which was also observed by
the characteristic absorption of Pr’* in the 4f—4f tran-  nearly all previous work ever reported,>'®?*?* no matter
sition of *Hy—!D,. All the Pr-ZrSiO, pigments in our  what starting materials or synthetic routes were applied.
work have unanimously maintained this characteristic =~ This significant detail has failed to elicit the attention
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FIGURE 4 (A)Survey XPS spectra, and (B and C) the fine XPS spectra for Pr 3d and F 1s of PrO-Pr10 synthesized in air.
TABLE 2 Chromatic parameters of PrO-Prl0 sintered in air and the pigments sintered under the atmosphere of O, and H,.
Chromaticity parameters
Sample Pr/Zr (mol %) F/Zr (mol %) L* a* b* Cc*
PrO 1.78 22.77 95.84 0.15 1.75 1.76
Pr2 7.82 33.94 94.44 —2.99 13.07 13.41
Pra 10.86 35.76 93.64 —3.02 15.37 15.66
Pr6 16.43 40.39 94.48 —3.54 17.57 17.92
Pr8 15.07 41.85 94.16 —3.78 17.10 17.51
Pr10 5.39 71.60 94.16 —4.24 17.08 17.59
Pr6-0O, - - 91.14 —3.47 21.53 21.81
Pr6-H, = = 90.31 —1.38 4.24 4.46
Optimized Pr6-0, - - 85.25 —1.68 32.02 32.06

from most former researchers. It is safe to state that the
Pr-ZrSiO,4 pigments must preserve the Pr cations at least
partially in the trivalent state.

XPS spectra shown in Figure 4(A,B) further reveal the
variation of Pr in the pigments, and the peaks around 955
and 935 eV correspond with the spin-obit splitting of 3d5,
and 3ds,, of Pr. As the doping Pr increases nominally from
2% to 10%, the detected content ascends from 7.82% to
16.43% and then declines to 5.39% (Table 2 and Figure S4).
The variation of the Pr content is roughly consistent with
that obtained by EDS (Table S2). The content closely cor-
relates with the yellowness index b* and the chroma C*,
which respectively reach their maximum values of 17.57
and 17.92 around 6.0% and are then reduced at a higher Pr
content. Further optimization can elevate the chroma C*
up to 32.02 by zinc doping (Table S1).

Here, the fluorine-controlled crystallization and growth
(from acidic precursors, pH = 4.0) contribute primarily
to the desirable advantages of the ultrafine Pr-ZrSiO, pig-
ments: well-crystallized, nonaggregated, well-defined in

morphology and ultrafine in size, which usually cannot be
met simultaneously in any zircon products via a single-step
synthesis. In contrast, a few analogous Pr-ZrSiO, pigments
can be synthesized but from some complex procedures
(Table S3). A high-content growth inhibitor NH4F (the
F/Zr molar ratio 2.0) and the advantageous acidic precur-
sors have jointly promoted these advantages. Fluorine in
the acidic precursors can complex with Zr*+ more strongly
than in neutral or basic solutions and even can generate the
F/Zr ratios as high as 0.5—3 in final zircons (conversely,
F/Zr = 0.3—0.8 in zircons synthesized at pH = 9.0); flu-
orine can be easily involved into the ZrSiO, network via
the Zr species as Zr** +OH +F — Zr[(OH),_y-Fy ], ™
in acidic solutions and even cannot be completely removed
from the pigments after calcination at 900-1100°C.?*?! The
fluoro-hydroxylated Zr complexes then react with the Si—
OH species and the residual Zr-F terminals suppress the
excessive extension of the Zr-O-Si bridging network in
Z1Si0Oy, hence reducing the size of final pigments. The F-
induced growth also contributes to the Zr deficiency in the

85U80|7 SUOWIWIOD 381D 8|l (dde au Ag peusenob are ssolle O 8sn JO 3| 10} A%eiqi8ul|uO /8|1 UO (SUONIPUOD-PUB-SWLBYW0D A8 | 1M ATeIq 18U UO//:SANY) SUORIPUOD Pue SWwe 1 84} 89S *[£202/50/22] U0 AreiqiTaulluo A8|iMm ‘Yde L % 10S JO Aisieaiun BuoyzenH Aq 0STET 8%e[/TTTT'OT/I0p/W00 A8 | Alelq 1 [Ul|UO SO ILLIRIB0//SANY WOl papeo|umod ‘0 ‘9T62TSST



Journal K

PENG ET AL.
A B
(A) (B) o0
——o0, 410 516 550
Al | i
Ir | 1 TN/ 80
e H2 I f 1
~ Pure zircon ' \ S
g 70 ;”
S *H,—~'D, 5]
[0 C
8 3H =3P S
= 4 2,1,0 160 g
£ 5
o
(2] 3H "1D x
< et 50
TR e e . & ‘
- 59|1 I ORI 500 565 5904 780
300 400 500 600 700 800 400 500 600 700 800
Wavelength (nm)
FIGURE 5 (A)UV-VIS absorption spectra, and (B) the diffuse reflectance spectra of Pr6 obtained under different atmospheres.

pigments (Si/Zr = 1.2—1.3, Figure S4), akin to that in the
hydrothermal zircon products.’’ In contrast, the zircons or
pigments, synthesized without NH,4F or from basic precur-
sors (pH = ~8.0), can only be endowed with such desirable
traits (Figure S3).

3.2 | Coloration mechanism of the
Pr-ZrSiO, pigments

The coloration mechanism is further explored from some
different perspectives, especially via the excitation and
emission spectra simultaneously from three different types
of pigments synthesized in the air, O,, and H, atmospheres
(referred to as Air-, O,-, and H,- based pigments, respec-
tively). The distinctions of these pigments are presented
in detail in terms of absorption/reflection, the electron
binding analyses by XPS, theoretical calculation and the
direct macroscopic visual appearance via the ultraviolet
(UV) excitation and under the daylight.

The absorption-reflection spectra (Figure 5) and XPS
data (Figure 6) present the difference of the three
atmosphere-based pigments. As the oxidizing capability
is intensified from H, to air and to O,, the wide-band
absorption onset shifts roughly from 410 to 550 nm, thereby
generating the pigments varying in hue from nearly white
(b* = 4.24), to pale yellow (b* = 17.57), and finally to
favorable yellow (b* = 21.53, in Table 2). In the pigments
fabricated under the reducing H, atmosphere, most of the
blue-violet lights cannot be absorbed, and they drastically
dilute the yellowish hue, whereas the O,-based pigments
present a superior chroma over the air-based pigments.

For the first time, we observed the coexistence of
the triple absorptive peaks of *Hy—3P,; o (446, 474, and
489 nm) and the peak of *H,—'D, (591 nm) in the H,-based

Pr-ZrSiO, pigments (Figure 5). Although the four narrow-
band peaks equally belong to the 4f—4f transition of Pr3*,
the first three peaks are often completely eclipsed by the
much stronger wide-band absorption at 245—550 nm from
the LMCT of Oy, —Pr(IV),, and they, therefore, cannot
been observed in typical Pr-ZrSiO, pigments,>'”> whereas
only the absorption at 591 nm remains the sole landmark
for the existence of Pr’* in all the pigments."'®?32* The
absorption below 410 nm in the H,-based pigments is still
attributed to the LMCT of O,,—Pr(IV),, from the remain-
ing Pr**, without which the absorption onset continues
to shift to only 225 nm in pure zircon (discussed in the
end part). The 4f—4f transitions above generally belong to
the partially-forbidden electric-dipole transitions, which
often generate narrow-banded or quasi-lined absorption
(often widened at room temperature, and typically with the
absorption cross-sections below 1072° cm? and absorption
coefficients below 10> cm™!),>~?” whereas the LMCT from
oxygen to Pr** is intrinsically allowed and therefore gen-
erates a strong wide-band absorption (from 220 to 550 nm,
with absorption coefficients over 104 cm™!). This provides
the robust foundation for proving the coexistence of Pr3*
and Pr** via the reflective-absorptive spectroscopies in the
visible-light range.

The XPS data (Figure 6) further indicate the mixed
valence of Pr in the atmosphere-based Pr-ZrSiO, pig-
ments. As the oxidizing atmosphere is intensified, the
ratio of Pr** to Pr3* drastically increases from 0.83 to 1.28,
denoting the transcendence of Pr** over Pr>* in amount.
This is much distinct from those pigments, like Ca-
Pr,Mo,0,,%® in which Pr’* functions dominantly as the
primary coloring centers. Additionally, the XRD patterns
(Figure S5) of the atmosphere-based pigments indicate that
no new crystalline phases appear except the minor phase
Zr0,.
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FIGURE 6 (A)Survey X-ray photoelectron spectroscopy (XPS) spectra, and (B) fine XPS spectra for Pr 3d in Pr6 obtained under

different atmospheres.

The narrow-band absorption around 591 nm for the tran-
sition of *H,—'D, from Pr3* can reduce the reflectance
in the critical yellow-to-orange region at 565—615 nm
and hence undermines the yellowish hue. However, the
absorption from 3H,—!'D, cannot always be observed in
many other crystal fields, like Pr-doped CeO, pigments,*’
in which the absorption from the 4f—5d transition and
the LMCT band extends over 591 nm and therefore dwarfs
the weak absorption from *H,—'D,. Even though this
absorption can be occasionally eclipsed in the reflection
or absorption spectra, the luminescence of Pr3* can still
reveal the existence of the trivalent Pr, as demonstrated
in the red-orange pigments of Pr/Fe-Y,Z,0,."” The sec-
ond undesirable absorption by approximately 4%—7% in
the H,-based Pr-ZrSiO, pigments extends widely within
the green-to-red high-reflectance region above 520 nm (the
shade area in Figure 5(B)), which originates most probably
from the nonradiative 4f—5d transition of the electron-rich
Pr3* in the trivalency-dominant pigments (Figure 6(B)).
The wide absorption can be neglected by researchers,
and it is very likely to be interfered by some uncertain
factors, such as a suboptimal control of the calcination
temperature and fickle particle sizes for nonconsistent
light scattering. This wide absorption can also be observed
in many Pr3*-involved inorganic materials, such as the
Y;Al;0,,: Pr3*/Ce®* phosphors.’® The deleterious dual
absorptions above appreciably impair the chroma of the
pigments and should not be ignored.

Excitation and emission spectra (PLE and PL) of the
pigments are further presented in Figure 7. As the atmo-
sphere changes from the oxidizing O, to the reducing H,,
the characteristic emissive peaks of P, ; (—>H, from

Pr3* around 440—492 nm, 'D,—3H, at 596 nm, 3P,—>H,
at 622 nm, and 3P,—3F, at 718 nm are simultaneously
intensified; the variation is consistent with the implica-
tions through the UV spectra in Figure 5 and the XPS data
in Figure 6. The dominant emissive peak at 622 nm endows
the H,-based pigments with the most brilliant red photo-
luminescence with excitation at 365 nm; in contrast, the
air-based pigments give only a very dim red light (cannot
be vividly shown in the image, [Figure 8D-F]), whereas
the O,-based pigments exhibit no visible luminescence
due to their lowest content of Pr3+. However, the excitation
and emission from Pr3t, even in the O,-based pigments,
can still be detected by the spectrophotometer, indicating
the inextricable coexistence of Pr3* and Pr** in all of these
Pr-contained pigments. The three types of pigments give
the daylight hues from yellow, to pale yellow and finally
to nearly white as the atmosphere varies from oxidizing
to reducing (Figure 8A-C). Some additional Pr6 pigments
obtained in an inert N, atmosphere give very similar
light reflection, absorption, luminescence strength, and
also daylight yellow color with the air-based pigments
(Figures S6 and S7). As a mention, all the pigments cannot
be designated as fluorescent pigments: although part of
their excitation region at 446—492 nm is just within the
visible-light range, the absolute luminescent efficiency
around 580—630 nm exceeds no more than 1% (Figure
S8, much lower than the high reflectance over 80% and
only comparable with the testing uncertainty of usually
1%—2%), and hence the luminescence gives almost no
concrete contribution to the visual hue in daylight.
Wide-range absorption spectra at 200—1200 nm for the
Pr-ZrSiO, pigments and the band structures via the DFT
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FIGURE 7 (A)Excitation spectra, and (B) emission spectra of Pr6 obtained under different atmospheres; (C) the energy level diagram of
Pr** ions.
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FIGURE 8 Macroscopic appearance of the different Pr6 pigments, (A, B, and C) in daylight and (D, E, and F) activated by a 365-nm UV
lamp in dark; (A and D) H,-based, (B and E) air-based, (C and F) O,-based.
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calculation are presented in Figure 9. The band gap of
ZrSiOy, is calculated at 5.56 eV, roughly consistent with the
previously calculated or experimental data (5.8—6.0 eV),"
and it corresponds well with the absorption peak at
225 nm for the LMCT from Oy, to Zryq. When Pr*t is
introduced, some intermediate energy levels emerge
within the band gap and the wide LMCT from O,, to
Pr(IV),s thus produces sharp photon absorptions below
3.02 eV (particularly above 2.2 eV, the onset energy for
green lights at ~560 nm). When the violet-blue lights are
sufficiently absorbed, the pigments are rendered with a
complementary brilliant yellowish hue. As a mention,
zinc is not found in the optimized pigments (Figure S9),
and it exerts no influence upon the morphology of final
pigments (Figures S10) and S11) and probably promotes
more praseodymium into the zircon matrix just as the
mineralizer NaF does.

4 | CONCLUSIONS

(1) Both the cations of Pr** and Pr3* coexist competitively
and invariably in all the ultrafine Pr-ZrSiO, pigments.
An oxidizing atmosphere cannot completely eradicate the
Pr3* cations, and a reducing atmosphere is either unable
to fully eliminate Pr** in the Pr-ZrSiO, system.

(2) The yellow hue of Pr-ZrSiO, pigments originates
primarily from the strong wide-band absorption of the
LMCT from O,, to Pr(IV),;. The competitive presence of
Pr3* is, however, inclined to discolor the pigments, due to
its reduction in the Pr** content, an evident undesirable
narrow-band absorption around 591 nm, and still possibly
a wide absorption band in the green-to-red region from
the 4f—5d transition.

(3) A high-content fluorine in the acidic precursors can
be sufficiently incorporated into the hydroxylated zirco-
nium species and hence inhibits the excessive extension
of Zr-O-Si networks, thereby generating the Pr-ZrSiO,
pigments with a well-defined morphology and a desirable
submicron dimension with D5, ranging 250—400 nm and
IQR < 80 nm. An oxidizing atmosphere can significantly
promote the content of Pr*t and it, therefore, enhances
chromaticity of the yellow pigments.
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